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ABSTRACT 
The Role of Iron and Reacti ve Oxygen Species in Parti cul ate 
Air Pollution-Dependent Biochemical and 
Biological Activities 
by 
Kevin Richard Smith, Doctor of Philosophy 
Utah State Uni versity, 1999 
Major Professor: Ann E. Aust, Ph.D. 
Department: Chemistry and Biochemistry 
Particulate air pollution is known to exacerbate respi ratory diseases, such as 
asthma and chronic obstructive pulmonary disease, in humans. It has been proposed 
that transition meta ls from inhaled particles may play a role in this exacerbation by 
generating radical species leading to damage in the lungs. 
The aim of this research was to determine the role that iron fro m particulate air 
pollution played in the generation of reactive oxygen species and subsequently the 
inducti on of inflammatory mediators in cells in culture. The production of reactive 
oxygen spec ies by particulate air pollution was found to be dependent on the 
mobilization of iron from the particles by chelators, such as the phys iologically 
rel evant citrate. The amount of iron mob ilized fro m the combustion particulate, coal 
fl y ash, was dependent on the type of coal used to generate the fl y ash and was greatest 
Ill 
in i1e smal lest size fraction co ll ected for three different coal types. In addition , the 
anuunt of iron mobilized from coal fly ash by citrate correlated closely with the 
amJunt mobili zed in human lung epitheli al (A549) cells, as indicated by induction of 
the iron storage protein , ferritin. The amount of the proinflammatory cytokine, 
inttrleukin-8, secreted in response to coal fl y ash treatment varied with the amount of 
iro1 mobili zed intracellularly from the particles, wi th the greatest response to the 
sm1ller size fractions which released the largest amounts of iron. There was a direct 
relationship, above a threshold level ofbioavailable iron, between the level of 
interl eukin-8 and bioava ilable iron in cells treated with coal fl y ash. Tetramethyl 
thiourea and dimethyl sulfoxide prevented the increased production of interleukin-8 by 
human lung epithelial cells treated with coal fl y ash, suggesting the role of a radical 
species in the induction of this inflammatory mediator. 
The mobilization of iron from coal fl y ash by ci trate or in human lung 
epi!he lial cells, as well as the induction of interleukin-8, did not correlate with the total 
amount of iron in the particles. Instead, preliminary results suggest that these 
measured values vary directly with the amount of iron contained in the aluminosilicate 
fract ion of the fl y ash. 
(174 pages) 
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CHAPTER I 
INTRODUCTION 
The involvement or particulate air pollution in the increased incidence of 
mortality in humans has been realized for centuries. Indeed, it was noted in 1661 that 
there was a greater incidence of respiratory illness due to the combustion of coal in 
London. Numerous ep idemiological studies have since been published indicating that 
particul ate air pollution plays a critical role in the increased incidence and severity of 
respiratory diseases, including asthma, chronic obstructive pulmonary disease 
(COPD), and pneumonia. While the hazards of particulate air pollution have long 
been realized, it was not until 1970 that the U.S. Congress passed the Clean Air Act 
which resulted in the establishment of the U.S. Environmental Protection Agency 
(EPA). The act resulted in exposure standards for six air pollutants: particulate matter 
(PM), lead, sulfur dioxide, nitrogen dioxide, carbon monoxide, and ozone. While 
considerab le improvements in air quality have occurred over the past three decades, air 
pollution continues to be a problem in many areas of the U.S. as we ll as in many other 
countries. 
PM has diverse chemical and physical properties and exists over a wide range 
of sizes. PM with a mean aerodynamic diameter less than I 0 f.lm (PM 10) is able to 
penetrate deep into the lungs where gas exchange takes place. Total suspended 
particulates (TSP) standards were replaced by PM 10 standards in 1987 to more 
accurately monitor and regulate the si ze of particles that were most likely to be 
harmful to humans. In addition to size, other physical characteristics of PM such as 
surface area, so lubility, metals content, pH, and organic components are thought to 
play a role in the toxicity of the panicles. However, the mechanism by which PM 
exens it s effects is not known. One proposed theory suggests that redox acti ve 
transition metals from PM are responsible for the generation of reactive oxygen 
spec ies (ROS) which can be damagi ng to the lungs after inhalation of the panicles. 
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Contributors to PM include coal- or oil-fired power plants, mining, agricultural 
burning, windblown dust, gasoline and diesel engines , wood or coal burning in 
residential fireplaces, and municipal waste burning. Iron is present at leve ls as high as 
14% by weight in the combustion source particulate, coal fl y ash (CFA), 3.9% in 
ambient PM, 3.55% in residual oil fl y ash (ROFA), and 2.73% in gaso line exhaust 
particulate. In addition, nickel and vanadium are present in ROFA at levels as high as 
3.75 and 18.8% by weight, respectively. These panicles catalyze many of the same 
biochemical reactions that solutions of iron, nickel or vanadium do, i.e ., generation of 
ROS, increased protein tyrosine phosphate leve ls, phosphorylation of mitogen-
activated protein kinases (MAPK), enhanced express ion of inflammatory cytokines, 
and pulmonary inflammation. 
Inhalation of PM into the lungs can represent an uncontrolled entry of metal s 
into the body. In addition, endocytosis or phagocytosis of the panicles by epithelial 
cells or macrophages , respectively, can represent an uncontrolled entry of metal s into 
the cells. However, there is currently a debate as to whether metal s can be solubilized 
extracellularly from inhaled panicles and subsequently taken up by the cells in the 
lungs or whether the panicles must first be endocytized and the metals mobilized from 
the parti cles intracellularly. It has been suggested that low-molecular-weight 
chela tors, present in ce lls, can mobilize metals away from the interna lized panicles, 
resulting in an increased react ivi ty of the metals as well as allowing the metals to 
cause damage at a di stance from the particles. The poss ibility also ex ists for metal s 
solubilized extracellularly from the particles to be taken up by the cells. Additional 
work is needed in both of these areas to determine the contribution of each in the 
increase in intracellular levels of metals from PM. 
The purpose of this di ssertation has been to determine the role of particle 
characteri stics, such as bioavailability of iron, source of particle, and particle size, in 
the biochemical and biological effects of PM . Chapter 2 is a review of the literature 
on the role of metals in the pathologica l effects of PM and serves as an introduction to 
the results presented in this di ssertation. 
The results presented in Chapter 3 demonstrate that iron, present at levels as 
high as 3.9% by weight, was responsible for the production of hydroxyl radica l (HO"), 
or a similar spec ies, by ambient urban PM. While trace amounts of other redox active 
transition metals were present in the particles, they were not responsible for the 
production of radical species. Further, the production of the radical species was 
dependent on the iron being mobilized away from the particles by a chelator, such as 
ci trate. In addition, the presence of the reducing agent ascorbate was necessary for the 
producti on of hydroxyl radical , suggesting that the mobilized iron was present 
primarily in the Fe(lll) form . When human lung epithelial (A549) cells were treated in 
culture with ambient urban PM, the result was an increased level of the iron storage 
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protein ferritin, suggesting that the intracellular levels of iron were increased. 
In Chapter 4, the amount of iron mobilized from CFA was found to vary with 
particle size and the type of coal used to generate the fl y ash. The smaller particles, 
which could penetrate deeper into the respiratory system where gas exchange takes 
place, were found to have more iron liberated from them by citrate and also in A549 
cells in cu lture. In addition, the amount of iron mobili zed by citrate correlated closely 
with the amount mobili zed in the A549 ce lls. Of particular interest was that this 
bioavailability of iron was not simply dependent upon the particle surface area, but 
may be partially due to the speciation of the iron in the fly ash. 
The results in Chapter 5 strongly suggested that iron mobilized from CFA was 
capable of inducing the proinflammatory cytokine, interleukin-8 (IL-8), in A549 cells. 
In addition, the induction of this mediator of inflammation varied wi th the 
bioavailability of iron , particle size, and type of coal used to generate the ash. The 
amount of IL-8 secreted by A549 cells in response to CFA treatment was directly 
proportional to the bioava ilability of iron and indirectly proportional to the size of the 
particles. Radical scavengers decreased the CFA-dependent induction of IL-8, 
suggesting that hydroxyl radical or a similar species was responsible for the increase in 
IL-8 mRNA and protein levels. 
Chapters 3 through 5 in this dissertation are written in the style of the journal 
in which they were published and these chapters include their own abstract, 
introduction, materials and methods, results, and discussion sections, as well as their 
own references. 
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Chapter 6 summari zes the resu lts presented in this dissertation and suggests 
directions that future research in the study of the pathological effects of particulate air 
pollution may take. In addition, preliminary resu lts of some recent studies from our 
laboratory as well as from that of our collaborators are discussed and correlated with 
the work presented in this dissertation. 
CHAPTER 2 
LITERATURE REV IEW 
Health Effects of Particulate Air Pollution 
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Numerous epidemiological studies have shown that respirable particulate air 
pollution, defined as particulate matter (PM) with a mean aerodynamic diameter less 
than I 0 Jlm (PM 10) , is assoc iated with increased mortality and morbid ity in humans 
with di seases of the respiratory system (1). Elevated levels of PM 10 have been 
associated wi th increased incidence of asthma attacks (2) , increased hospita l 
admissions for pneumonia and chronic obstruct ive pulmonary di sease (J) , 
emphysema, chronic bronchiti s and asthma ( 4), and increased mortality due to chronic 
obstructive pulmonary disease, pneumonia, and cardiovascular di sease (5, 6) . More 
recent epidemiological studies (7) suggest a stronger correlation between respi ratory 
disease and even smaller particulate air pollution with an aerodynamic diameter less 
than 2.5 Jlm (PM25) . 
The Uni ted States Environmental Protection Agency (EPA) has established 
national ambient air quali ty standards for PM 10. PM 10 standards include a 24-h 
standard of 150 Jlg!m3, to exceed this standard no more than once per year, and an 
annual PM 10 standard of an arithmetic daily mean of less than 50 Jlgfm'- A number of 
epidemiological studies have suggested that the observed health effects of PM10 may 
be primarily due to the fine particle fraction (including particles that are in the sub-
micron range and produced during combustion processes) (8-1 1). The EPA is 
currentl y attempting to issue a national ambient air qua lity standard for PM wi th a 
mean aerodynamic di ameter equal to or less than 2.5 11111 (PM 25 ). 
Characteristics of Particulate Air Po ll ution 
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PM is a genera l term for a complex mixture of organ ic and inorganic 
compounds that have very different chemical and physical properties. An indi vidual 
particle can be a solid or a liquid droplet with a wide range of possible sizes. Particles 
may be released d irectl y from their source or may be formed by complex chemical 
reactions in the atmosphere. The major components of PM 10 are organic compounds, 
acids (such as su lphuric acid), ammonium ions, water, crustal material , and a number 
of transition metals, with iron often most abundant. 
PM 10 exhibi ts a trimodal mass di stribution with particles <2.5 11m in diameter 
referred to as the fine fraction. Particles 2.5- 10 >tm in diameter are generally referred 
to as the coarse frac tion. The fine particle fraction is further di vided into two modes: 
the nuclei mode (made up ofultrafine particles) and the accumulation mode. Particle 
concentrations are expressed in the literature based on number of particles, total mass, 
surface area, or diameter of the particles. Conversion between these parameters is 
difficult because assumptions such as the density and spherica l shape of the particles 
must be made. Present air quality standards are expressed as the mass of particles wi th 
a diameter less than I 0 11m per cubic meter of air (12). However, the use of particle 
mass standards is flawed in that there is a bias towards larger partic les; the mass of a 
large number of small particles can be significantly smaller than the mass of a small 
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number of large particles ( /3). 
The fine fraction of PM 10 is formed primarily during combustion processes 
such as the buming of gaso line, diesel, coal , fuel oil, natural gas, wood, and municipal 
waste. The small particles are formed by high-temperature vaporization followed by 
nucleation , condensation, and particle growth (14-18). The chemical compos ition of 
the fine fraction includes metals, su lfates, carbon, nitrates, organic compounds, and 
hydrogen and ammonium ions and is genera ll y highly soluble in water and acidic in 
nature. The fine fraction can remain entrained in the atmosphere for as long as severa l 
weeks . The long residence time of the fine frac tion in the atmosphere can result in 
transport of the particles a distance from the source. 
Contributors to the coarse fraction of PM 10 include mining, tire and brake dust 
from road traffic, wind-blown dust, mine tailings, and agriculture. The chemical 
composition is primarily of a mineral nature and includes oxides of metal s such as Si, 
AI , Mg, and Fe. Combinati on of AI and Si , in the form of aluminosilicates, is a lso 
found in the coarse fraction of PM . The particles in the coarse fraction are relatively 
insoluble in water and typically have a pH wh ich is basic. The coarse particles 
typically remain entrained in the atmosphere for as long as several hours, which is a 
relatively short time compared to the fine fraction. The shorter residence time of the 
coarse fraction in the atmosphere generally prevents the particles from being 
transported very far from their origin . 
The ability of particles to penetrate into the respiratory system is controlled in 
part by the aerodynamic diameter of the particles. The deposition and clearance of the 
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particles , once in the respiratory system, are also partially dependent upon the 
aerodynamic diameter of the particles. Indeed, Oberdorster e/ a/. (19) demonstrated a 
significantly slower pulmonary clearance of ultrafine (20 nm diameter) Ti02 particles 
relative to fine (250 nm diameter) Ti02 particles in rats. 
The transition metal content of ambient PM and contributors to PM is highly 
variable as shown in Table 2-l. While iron is typically present at between 3-14% by 
we ight, the other transition metal s are usuall y present at several orders of magnitude 
lower leve ls than iron. The exception to this is with the amount of vanadium and 
nickel in the fl y ash from the burning of res idual oil (ROFA) which are present at 
approximately 18.8 and 3.8% by weight, respective ly. The biological effects of 
ROFA, including the effects of the transition metals, have been extensively studied 
and have fomted the groundwork for a large amount of the research into the 
pathological e ffects of PM . However, it must be noted that the concentrations of 
vanadium and nickel in this particulate are several orders of magnitude higher than in 
either ambient PM or other contributors to PM . This suggests that the effects observed 
with ROF A may very likely not be representati ve of PM exposure that humans are 
likely to receive during their normal daily activi ti es. Conversely, the amount of iron 
found in ambient PM as well as contributors to PM, such as coal fl y as h (CFA) and 
gasol ine exhaust particu late, are much more comparable to the iron levels that humans 
are likely to be exposed to. 
Many of the transition metals listed in Table 2-1 are required for the proper 
function of the human body and several of these requirements will be discussed later 
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Table 2-1. Elemental Analysis of Contributors to Particulate Air Pollution 
%by weight 
particulate Fe v Ni Cr Co Cu 
ambient PM" 3.90 0.012 0.009 0.041 0.002 0.059 
(SRM 1648) 
ambient PMb 3.00 NO'" ND 0.021 0.002 ND 
(SRM 1649) 
UtahCFN 6.50 0.040 ND 0.032 0.008 ND 
(< ! llm diam.) 
Illinois CFN 14.00 0.074 ND 0.020 0.015 ND 
(< ! llm diam.) 
North Dakota CF N 6.20 0.031 ND 0.009 0.007 ND 
(< ! llm diam.) 
gasoline exhaust 2.73 0.02 0.07 0.02 0.01 0.14 
particulated 
ROFA' 3.55 18.8 3.75 0.017 0.080 0.030 
"Data taken from reference (20). 
bData taken from reference (21). 
' Data taken from reference (22). 
dData taken from reference (23). 
' Data taken from reference (24). 
lNot determined. 
in thi s review. However, inhalation of particulate air pollution can represent an 
uncontrolled entry of many transition metals into the body. Several of the transition 
metals contained in particulate air pollution, such as iron, copper, nickel , vanadium, 
and cobalt, can catalyze the one-electron reductions of molecular oxygen necessary to 
generate reactive oxygen species, such as the highly reactive hydroxyl radical HO• 
(25). The following four reactions are the modified Haber-Weiss reactions, where 
reaction (4) is known as the Fenton reaction. 
Reductant1"1 + Fe( III) - Reductant1"' ' 1 + Fe( II ) 
Fe(II ) + 0 2 - Fe(III) + o,•-
HO," + 0,"" + H' - 0 2 + H20 , 
Fe(! I) + Hp, - Fe(III) + OH- + HO" (Fenton Reaction) 
II 
( I ) 
(2) 
(3) 
(4) 
The above reactions are shown for iron , but several other transition metals are capable 
of catalyzing similar reacti ons at varying rates. Iron, or other transition metals, will 
continue to redox cycle in the above reacti ons as long as there is sufficient 0 2 or H20 2 
and reducing agent, such as ascorbate, cysteine, or under unusual circumstances 0 2 • -. 
If the intracellular levels of metal s such as iron , nickel , copper, or vanadium 
are increased, the result cou ld be an oxidative stress to the cell. This increase in 
intracellular levels of these metals can be either through endocytosis of metal 
containing particles or by uptake o f soluble, extracellular metals by the cell s. This 
metal-catalyzed oxidative stress can lead to damage of biological molecules such as 
DNA, proteins, and lipids. In addition , the express ion of several genes can be 
mediated through an oxidant-dependent mechanism such as the activat ion of nuclear 
factor KB (NF-KB) (26, 27), a transcription factor whose binding motif is present in the 
promoter regions for a number of pro-inflammatory cytokines (28, 29) . This increase 
in intracellular transition metal levels and intracellular ox idant stress wi ll be discussed 
in greater detai l in subsequent sections of this review. 
Chemistry of the Transition Metals in Particulate Air Pollution 
Most of the characterization of the metals in PM has been limited to simply 
determining the total amount of each metal in the partic les. Information such as 
oxidation states and speciation of the metals in PM is almost nonexistent. Since the 
chemistry of the transition metal s is dependent on the form in which they ex ist in the 
particles, thi s section of the review will focus primarily on the genera l chemistry of 
some of the transition metal s found in PM . 
12 
Chemistry of Iron. Iron is present in the earth ' s crust at approximately 4.7% 
and occurs in nature as magnetite, Fe10 4; hematite , Fe20 1; iron pyrite, FeS2; and 
siderite, FeC01. In addition , most silicate mineral s contain considerable amounts of 
iron , which can replace both aluminum and magnesium . The highest-identifi ed 
oxidation state of iron is Fe(Vl), which is extremely rare. The Fe(ll ) and Fe(lll) 
oxidation states of iron are the most common. Fe(! I) is the predominant form of iron 
in the earth's crust, but at the earth ' s surface it is rapidl y oxidized to Fe(!! I). Iron 
contained in ambient PM, including CFA, is primarily in the Fe(lll) form (30, 31). 
Fe(lll) is generally not very so luble, though reduction to Fe(!!) increases iron 
solubility with respect to oxide/hydroxide phases by as high as eight orders of 
magnitude at pH 7 (32). While the iron oxides have a very low leve l of total iron in 
solution, it is possible to change their solubility by varying the particle size, 
temperature, and ionic strength of the suspensions. In addition, so luble complexes 
with ligands including citrate and phosphate can be formed thus increasing the total 
iron in solution (33) . Indeed, there is less than 10·6 M iron in solution in the absence 
of reducing or chelating agents, such as ascorbate or citrate, respectively. A good 
example of the increase in solubility in the presence of a ligand is ferrihydrite , which 
precipitates from a 10·3 M Fe(lll) solution at pH 2-3. This concentration of 
ferrihydrite can be held in so lution as a complex by I o·' M citrate or phosphate up to 
pH 7.6 or 4.8 , respectively (33). 
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There is approximately 4 g of iron , found primarily in various proteins, in a 
typical adult human. Because of the versatili ty of iron it is able to coordinate to 
oxygen, nitrogen , or sulfur atoms, as well as to a number of other small molecules. 
Iron appears in heme and iron-sulfur proteins such as myoglobin and aconitase, 
respectively. Iron is also found in non-heme and non-iron-sulfur proteins such as 
transferrin and ferritin. Indeed, iron is one of the most important trace elements in 
biological systems. Though a number of transition metals are capable of catalyzing 
the production of hydroxyl radicals in ce ll-free systems, it appears that iron is the most 
reactive in vivo. 
Chemistry of Vanadium. Vanadium is present in the earth's crust at 
approximately 0.02%. It exists in trace amounts in plants and animals, but its exact 
biological function has not been detem1ined. The oxidation states of vanadium are 
V(ll), Y(III), Y(JV), and V(Y), with the V(II) , Y(III), and V(IV) oxidation sta tes being 
the most common. V(O) does not occur in nature. Vanadium occurs as oxides in 
minerals such as carnotite, K/U02) 2(YO,),o3H,O, and as sulfides in minerals such as 
patronite, VS,. Vanadium is also present at high concentrations in some crude oils, 
particularly those from Venezuela, existing as porphyrin complexes of the vanadyl ion, 
[Y0] 2• (34). At high temperatures, such as those found in the combustion of coal or 
residual fuel oil, vanadium combines with most non-metals, e.g. , with oxygen above 
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660 °C it is oxidized to V20 5. V20 5 is only slightly soluble in water (approx imately 
0.07 g/1) and fonns an acidic solution which becomes colloidal. It is readily soluble in 
acids or bases, which may explain why vanadium from ROFA is readily soluble at the 
acidic pH reached when the fly ash is suspended in water. Vanadium and phosphorus 
are chemically similar and thi s helps to explain the ability of vanadium to interfere 
with biologically relevant phosphorylation reactions (35) . 
Chemistry of Nickel. Nickel is the twenty-second most abundant element in 
the earth's crust and is present at approximately 0.008%. Most complexes of nickel 
have four, five , or six ligands and an extensive review of the coord ination chemistry is 
published elsewhere (36). Nickel can complex with several ligands, including 
ammonia, chloride, carbonate, water, hydroxide, phosphate, nitrate, sulfate, amines, 
nitrite , and thiols . Nickel is found in sulfide ores, such as penilandite, and Ni(ll) can 
be liberated from the ore by weathering (34). Further, magnesium-containing 
minerals, such as silicates, can contain Ni(ll), which is similar in size to Mg(JI). 
Possible oxidation states of the nickel ion are Ni(O), Ni(II), Ni(lll), and Ni(IV); 
however, the most common oxidation states in nature are Ni(O) and Ni(ll) (37). Ni(ll) 
is the primary species involved in the aqueous solution chemistry of nickel. A number 
of very insoluble complexes of Ni(ll) are found in the environment, including nickel 
carbonate, nickel sulfides, nickel phosphate, and nickel oxide. These nickel 
complexes show little or no dissolution at pH 7. Soluble to very so luble complexes of 
nickel include sulfates, acetates, nitrates, and chlorides (37). Further, many organic 
compounds such as citrate and cysteine fom1 stable complexes with nickel ion, 
increasing the solubility of nickel. The combustion of fossil fuels contributes 
significantly to nickel in the ambient air with nickel sulfate being the most prevalent 
form of nickel (38). Indeed, the water-soluble nickel found in ROFA is very likely 
present as nickel sulfate. 
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Though the biological role of nickel in mammals is limited, it is considered to 
be an essential trace element. Indeed, the role of nickel in biological systems may be 
limited to urease, which catalyzes the decomposition of urea to ammonia. However, 
nickel is very important in many aerobic bacteria which metabolize dihydrogen with 
the liberation of methane. Nickel is a relatively toxic element and has been recognized 
as a cause of occupational cancers , such as lung cancer. High doses ofNi(ll) can 
catalyze the production of radicals and damage, including lipid peroxidation, in 
isolated cells or animal tissues. 
Chemistry of Chromium, Chromium occurs primarily in silicates of highly 
basic rocks where it substitutes for magnesium. Elemental chromium does not occur 
naturally on earth (39). Chromium is very insoluble in water at a neutral pH when in 
the Cr(!Il) form, but when in the oxidized form, chromate CrO/, it is usually 
considerably more soluble. Chromium is believed to be essential biologically in 
glucose metabolism in humans , though this is currently disputed. When chromium is 
in its oxidized form, it is a carcinogen and is toxic. 
Chemistry of Cobalt. Cobalt is present in the earth's crust at approximately 
0.003% and occurs primarily as sulfide minerals. Contributors to cobalt in ambient 
PM include wind-blown soil, forest fires, and the burning of fossil fuels ( 40). 
Reduction ofCo(lll) to Co(! I) increases the cobalt so lubility by severa l orders of 
magnitude. However, the sol ubility of environmental sources of cobalt are typicall y 
low due to the insolubility of cobalt sulfide . 
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Cobalt is an essential trace element in li fe and is involved in the transfer of 
methyl groups from one compound to another by vitamin B12 in humans and animal s. 
Chemistry of Copper. Copper is slightly less abundant than nickel in the 
earth's crust and is present at approximately 0.005%. Copper is usually found in the 
form of various sulfides, although it occurs in the form of carbonates, sulfates, and 
other oxygen-containing compounds in some copper ores. Surface oxidation of copper 
containing sulfide minerals, such as chalcopyrite, CuFeS2, leads to the release of 
Cu(ll). Cu(l) dissociates to Cu(ll) and Cu(O) in aqueous solution ( 41). 
Copper is an essential trace element and is found in a number of 
metaloenzymes and other proteins, including cytochrome oxidase, ascorbate oxidase, 
blue proteins, and superoxide dismutase. Copper is similar to iron in that many 
copper-containing enzymes catalyze oxidation-reduction reactions. One example is 
cytochrome c oxidase, which is the terminal enzyme in the electron transport chain of 
mitochondria. Cytochrome c oxidase catalyzes the direct reduction of 0 2 with four 
electrons to form two molecules of H20. 
Solubility of Metals in Particulate Air Pollution 
If metals are involved in the exacerbation of respiratory diseases by PM, it is 
important to understand the conditions that result in the mobilization or leaching of the 
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metals from the particles, since this may affect their reactivity. If meta ls are leached 
or mobil ized from particles after inhalation th is could allow the generation of reacti ve 
oxygen spec ies to occur at a distance from the particles and increase the potential 
damage by the metal. It is also important to note that metals may be leached or 
mobili zed from particles after endocytosis by cell s. Once again thi s could result in the 
production of reactive oxygen spec ies at a distance from the particles and ultimately an 
intracellular oxidative stress. Many investigators involved in the study of the effects 
of metals in PM have used the term bioavailabi lity to indicate the solubility of meta ls 
from the particles when suspended in water at an often uncontrolled and unmonitored 
pH . However, a limited number of investigators have defined bioavailability as the 
amount of metals mobilized from the particles by chelators. This sect ion of the review 
w ill focu s on the bioavailability of metals from various contri butors to PM as well as 
ambient PM samples. The fo llowing section of this review wi ll focus on the 
corre lation between water-soluble metals or metals that can be mobilized by chelators 
and the production of reacti ve oxygen species. In subsequent chapters contained in 
this di ssertation the terrn solubility will be used to indicate water-solubil ity of metal(s) 
and the terrn mobilization wi ll be used to indicate that a chelator was used to remove 
the metal(s) from particles. 
Hatch et a/. ( 42), Pritchard eta/. ( 43) , and Kodavanti et a/. ( 44) have 
demonstrated that ROFA contained high levels of water-soluble iron , nickel , 
vanadium, and zinc. Unfortunately, the pH of the particle suspensions during these 
studies was not monitored or controlled. Indeed, Dreher eta/. ( 45) noted that an 8.33 
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mg/ml suspension ofROFA had a pH of2.6. In fact the amount of iron mobilized 
from croc idolite asbestos by citrate has been shown to increase as the pH was 
decreased below 7.5 ( 46). Aust eta/. (30) and Smith eta/. (31) showed that iron in 
ambient PM and CFA, respectively, was present primarily in the Fe(III) form. Smith 
and Aust (47) demonstrated that iron from whole ambient PM was not water-soluble at 
the physiological pH of 7.5, and that a chelator such as citrate was required to mobili ze 
iron from the par1icles at this pH. Smi th eta/. (31) demonstrated a simi lar absence of 
water-soluble iron and the requirement of the chelator, citrate, to mobilize iron from 
CFA at pH 7.5. It is clear from the work of these investigators that it is important to 
understand that conditions, such as pH and the presence of a chelator, can affect the 
bioavailability of metals from various particles. 
The next question that arises is whether the bioavailability of the metals 
observed in cell-free systems also occurs in cultured ce ll s. Fang and Aust 
demonstrated that levels of the iron storage protein, ferritin , in A549 cells was directly 
related to the amount of iron mobili zed intrace llularly from a variety of iron-
containing particles, including asbestos ( 48, 49). Further, ferritin leve ls were shown to 
correlate with the mobili zation of iron by citrate from CFA (31) or from crocidolite 
asbestos (48). In addition, the inhibition ofCFA-mediated ferritin induction by the 
endocytosis inhibitor, cytochalasin D, strongly suggests that the particles must be 
internalized for the iron to be mobilized (31). This dependence on endocytosis of the 
particles for ferritin induction was also demonstrated for asbestos fibers (50) and other 
types of iron-containing particulates (49). Unfortunately, the intracellular levels of 
iron and other metals, after treatment with metal-containing particl es, such as ROFA 
or diesel exhaust particulate (DEP), have not been determined. 
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Ghio et a/. demonstrated that ferritin levels were increased in response to 
ROFA in nom1al human bronchial epithelial cells and in a human bronchial epithelial 
cell line (BEAS-28) (51) , as well as in the lower respiratory tract of rats (52). The 
increased ferritin levels in rats treated with ROFA suggests that the intracellular 
mobilization of iron ii·om inhaled particles might occur in vivo in a way similar to that 
which was observed with CFA, ROFA, and asbestos in vitro. 
In Vitro and In Vivo Generation of Oxygen Rad icals 
by Particulate Air Pollution 
This section of the review focuses on the correlation between metal solubility 
or mobili zation from PM and reacti ve oxygen species production. lnjwy to ti ssues 
a fter inhalation of PM has been suggested to occur by a direct interaction of ultra fine 
particles with cell s (19), by biological components of PM such as endotoxin (53, 54), 
the acid component of PM (55, 56), or the polycyc li c aromatic hyd rocarbons (57). 
There is also substantial ev idence that iron and other redox acti ve metals play a role in 
the biochemical reactivity of PM both in vitro and in vivo. The damage to ti ssues may 
occur by reactive oxygen species generated through metal-catalyzed oxidation-
reduction reactions. As was mentioned earlier in this review, the damage may also 
occur through the induction of proinflammatory cytokines through an oxidant-
mediated induction of transcription factors such as NF-KB. 
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Pritchard eta!. ( 43) stud ied the abi lity of a nu mber of contributors to PM , 
including ROFA, Mt. St. Helens volcanic ash, CFA, and ambient PM , to catalyze the 
production of reactive oxygen species. They found that the ambient PM and ROFA, 
which had the most water-soluble iron , also generated the highest leve ls of reac tive 
oxygen species, as measured by the formation ofthiobarbituric acid reacti ve products 
of deoxyribose. Further, they demonstrated that thi s ox idation of deoxyribose was 
inhibited in the presence of the radical scavengers, Me2SO or DMTU. In addi tion , in 
vivo indicators of pulmonary inflammat ion were increased with the PM and ROFA, 
the particles which also catalyzed the production of the highest leve ls of reactive 
oxygen spec ies, in vitro. 
In con trast to the work by Pritchard eta/. ( 43), Smith and Aust ( 47) 
demonstrated that it was not the water-so luble meta ls in ambient PM that were 
responsible fo r the generation of hydroxyl radica l or a similar spec ies in a cell- free 
system . They determined that mobili zation of the iron away from the panicles by a 
chelator, such as citrate or EDTA, was required for the generation of hydroxyl radical 
or a similar species. Funher, complete inhibition of radical production by 
desferrioxamine B (OF) suggested that iron, and not the other transition metals present 
in particles, was responsible for hydroxyl radical production. Lund and Aust (58) 
observed that when crocidolite asbestos was preincubated with EDTA or citrate, the 
generation of hydroxyl radical or a similar species was increased over that in the 
absence of a chelator. In addition, the component of the crocidolite responsible for 
radical production was shown to be iron. 
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Donaldson eta/. (59) concluded that so luble iron was responsible for the 
ambient particu late-catalyzed production of hydroxyl radical. Unfortunately, the 
particles in these studies were suspended in a citrate-phosphate buffer. Ci trate has 
been shown to mobili ze iron from ambient PM (47) , CFA (31) , and crocidolite 
asbestos (46). Further, phosphate buffers have been shown to mobilize iron from 
crocidolite (46) as well as affect the rate of iron oxidation (60). Thus, what Donaldson 
(59) referred to as radical production by water-soluble iron was more likely radical 
production by iron mobilized by citrate. Thus, the use of buffers when studying the 
mobilization or solubility of metals from PM may lead to incorrect conclusions. 
Kadiiska eta/. (61) demonstrated that electron spin resonance spectroscopy of 
the chloroform extract from lungs of rats instilled with ROFA gave a spectrum which 
was consistent with a carbon-centered radical adduct, wh ile the spectra from lungs 
instilled with sa line showed a significantl y weaker signal. In addi tion , the water-
soluble fraction ofROFA, as well as a mixture of the so luble metals from ROFA 
(artific ial ROFA) were shown to result in an identi cal spectrum to that of the animals 
instilled with the complete ROF A particle (61). However, a much smaller electron 
spin resonance signal was obtained with the insoluble fraction of the ROF A, as well as 
with the mixture of the so luble metals from the ROFA . This suggests that there may 
also have been an effect of some other component of the insoluble fraction of the 
ROFA. An influx ofneutrophils and lung injury, consistent with inflammation, was 
observed in the rats instilled with ROFA and its soluble fraction. This inflammatory 
response is consistent with an increase in the levels of proinflammatory cytokines 
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through an oxidant-dependent activation of the transcription factor NF-KB (26, 27). 
Also of interest is that the pH of the ROFA suspension, inso luble fraction, and soluble 
fraction , was 3.4, 6.8 , and 3.3 , respectively. It is possible that at least part of the 
neutrophil influx and lung injury in the ROFA instilled rats was due to the acidity of 
the ROFA. Indeed, Naeher eta/. (56) showed a correlation between high ambient air 
concentrations of strong acid and decreased peak expiratory flow in nonsmoking 
women. There is a need for further investigation to detem1ine what role the pH of the 
ROF A played in the observed lung damage in rats. 
Ghio eta/. (62) recently demonstrated that metals were present in both a water-
soluble and water-insoluble fraction of ambient PM collected in Provo, Utah. Further, 
iron was the predominant metal in both fractions , with more iron in the so luble than in 
the insoluble fraction. The results by Ghio eta/. (62) are somewhat different from 
those of Smith eta/., which demonstrated that iron was not water soluble from 
ambient PM collected in St. Louis, MOor Washington , D.C. (47) , or from CFA (31). 
Ghio eta/. also demonstrated that both fractions catalyzed the production of reactive 
oxygen species, with the most activity from the water-soluble fraction (62). Further, 
this radical generation was diminished by Me,SO or DMTU. 
There appears to be disagreement about whether the bioavailability of metals 
from PM should be determined by water solubility or by the amount of metals 
mobilized by chelators. However, the consensus does appear to be that radical 
production is higher with metals which are soluble or mobilized away from the 
particles than with metals which remain on the particles. The production of radical 
species in the lungs of humans exposed to PM may also prove to be greater from 
soluble metals or metals mobilized away from the particles than from metals 
remaining on the particles. 
Production of Inflammatory Mediators by the Airway Epithelium 
An inflammatory response is characteristic of a number of the respiratory 
diseases which are exacerbated by PM, most notably asthma and pneumonia. This 
response involves an infiltration of inflammatory cells including mast cells, 
neutrophils, lymphocytes macrophages, basophils, and eosinophils (63). 
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The respiratory airway epithelium is the first tissue to come into contact with 
inhaled airborne pollutants. The airway epithelium can serve as either target or 
effector cells in the regulation of inflammation. Their role as target cells includes the 
release of mucin and regulation of ciliary beating efficiency in response to reactive 
oxygen species. However, the airway epithelium, in its role as an effector, can also 
produce mediators of inflammation, such as lipid mediators, cytokines, and reactive 
oxygen and nitrogen species (64). 
Production of Inflammatory Mediators in 
Response to Particulate Air Pollution 
A significant portion of the literature about the biological effects of PM has 
focused on the induction of various mediators of pulmonary inflammation and the 
subsequent recruitment of inflammatory cells to the site of inflammation. A number 
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of components of PM , incl uding endotoxin, organic compounds, sulfuric ac id, and 
hydrogen peroxide, have been implicated in the inflammatory response induced by 
particles. However, the overwhelming majority of the literature has focused on the 
role of metals in the induction of inflammatory mediators by PM . This section of the 
review will foc us primarily on the role of metals and the metal-catalyzed production of 
reactive oxygen spec ies in the induction of proinflammatory mediators by PM , both in 
cultured ce ll s and in vivo. 
Lipid Mediators of Inflammation. Lipid mediators, such as prostaglandins 
and leukotrienes, can act as both primary and secondary mediators of inflammation. 
These lipid mediators are present at high levels in the inflamed airways of asthmatics. 
Lipid mediators have been shown to be chemotactic for neutrophils, eos inophils, and 
macrophages. Prostaglandins are synthesized from arachidonic ac id by prostaglandin 
endoperoxide synthase (65). This enzyme has two catalytic acti vities: a 
cyc looxygenase activity and a hydroperoxidase activity. Prostaglandin E2 helps to 
mediate bronchodilation (66) and vasod ilation (67). Prostaglandin F2• helps to 
mediate bronchoconstri ction (67) , as we ll as the stimulation of mucus secretion (68). 
The amount of literature on PM-dependent increases in lipid mediators, 
including prostaglandins and leukotrienes, is limited. In fact , only Samet eta/. (69) 
have reported the role of PM in the induction of lipid mediators of inflammation. 
They demonstrated that ROF A significantly increased amounts of prostaglandins E, 
and F,. in a human bronchial epithelial cell line, as well as in normal human bronchial 
ep ithelial cells. This increase in prostaglandin synthesis correlated with a significant 
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increase in the activity of prostaglandin H synthase 2. While Samet era/. (69) d id not 
detem1ine the component or components of the ROFA responsible for th e increased 
prostanoid synthesis, they speculated that ROFA induced prostag landin H synthase 2 
express ion through activation of the NF-KB pathway. Indeed , a NF-KB response 
element has been identi tied in a murine prostaglandin H synthase 2 promoter ( 70). 
Further, a response element with a comparable sequence has been identified in the 
human prostaglandin H synthase 2 promoter ( 71). 
Proinflammatory Cytokines. It has long been recognized that alveolar 
macrophages phagocytose particles in the lung and release chemotactic factors for 
neutrophil s, as well as pro inflammatory cytokines such as IL-l , IL-6, IL-8 , and TNF. 
However, the airway epithelium also plays an important role in the re lease of primary 
mediators of inflammation, including the cytokines , IFN-y and TNF-a. These primary 
cytok ines upregulate the production of secondary mediators, including IL-6, IL-8, and 
GM-CSF, by th e airway epithelium. IL-6 induces T-cell activation and proliferation 
(72), whi le IL-8 is chemotactic for eosinophils , neutrophils, T-l ymphocytes, and 
basophils (73). The secondary cytokine GM-CSF ac tivates eosinoph il s. 
There is an abundance of literature involving the PM-mediated increase in 
proinflammatory cytokines both in cultured cells and in vivo. The vast majority of 
these stud ies have been done using ROF A as a model source of particulate air 
pollution. Most of the studies that have been carried out with ROFA have implicated 
vanadium, which is present at 18.8% by weight, as being responsible for the biological 
effects. However, ambient PM generally contains less than approximately 0.02% 
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vanadium by weight, suggesting that the biologica l effects observed with ROFA may 
not be representati ve of those observed with ambient PM. However, ROFA has 
provided great insight into the mechanism by which metals contained in PM induce 
proinflammatory mediators. 
Carteret a/. (24) demonstrated that ROFA increased the producti on ofTNF, 
IL-6, and IL-8 proteins, as well as the mRNAs for these cytokines, in normal human 
bronchial epithelial cells. Further, they demonstrated that the metal chelator DF or the 
radi cal scavenger DMTU inhibited the ROFA-induced cytok ine production. In 
addition, they showed that vanadium-contai ning compounds, but not iron or nickel 
sulfates, produced the same effects as complete ROFA. While the authors concluded 
that vanad ium and reactive oxygen species appeared to play a role in the induction of 
these cytokines, they did not determine the mechanism by which th is occurred. 
Further stud ies by Quay eta/. (74) demonstrated that increased IL-6 mRNA levels 
were preceded by the activati on of nuclear proteins binding to the NF-KB sequence 
motif of the IL-6 promoter region in the human bronchial epithelial (BEAS 28) cell 
line treated wi th ROFA. This IL-6 response was effecti vely blocked in the presence of 
OF or the radical scavenger N-acetyi-L-cysteine, suggesting that the metal cata lyzed 
production of a radical species played a role in the activation of NF-KB in 8EAS 2B 
cell s by ROFA. 
Samet eta/. (75) showed that ROFA treatment of BEAS 28 cell s induced an 
accumulation of protein tyrosine phosphates through a mechani sm that involved 
protein tyrosine phosphatase inhibition. This effect was observed in the absence of a 
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change in the activity of tyrosine kinases. The authors found that vanady l- and 
va nadate-conta ining so lutions mimicked the effec ts of the complete ROFA . However, 
solutions of ferrous iron, ferric iron, or ni cke l did not increase phosphotyrosine leve ls. 
Indeed, vanadium is a strong inhibitor of tyros ine phosphatases and has been shown to 
enhance the transcripti on of genes by causing the buildup of protein tyrosine 
phosphates in the cell ( 76) . 
In more recent work, Samet eta/. (77) demonstrated that arsenic, vanadium, 
and zinc induced the phosphoryl ation of mitogen-acti vated protein kinases (MAPK) in 
BEAS 28 cells. They a lso determined that extracellular receptor kinase (ERK), c-J un 
NHrtem1inal kinase (JN K), and P38 were acti vated by these same metals. In addi ti on, 
they found that iron and nickel did not acti vate MAPK . Of particular interest is that 
arsenic, vanadium, and zinc induced an increase in IL-8 under the same conditi on as 
the observed MAPK activation . Indeed , s ignaling pathways that involve MAPKs (78) 
and activation of the transcription factors c-J un (79) and ATF-2 (79, 80) have been 
shown to control the expression of the cytokines TN F-a, IL-6, and IL-8. 
The studies reviewed above suggest that vanadium, not iron, is the primary 
component of ROFA responsible for the increased production ofTNF-a, IL-6, and IL-
8. However, other investigators have implicated iron as being responsible for the 
induction of cytokines such as IL-8. Indeed, Lay e/ a/. (81) recently demonstrated that 
intrapulmonary insti llation of Fe20 3 in human subjects resulted in increased amounts 
of lactate dehydrogenase, protein, and IL-8 in the bronchoalveo lar lavage (BAL) 
fluids. In addition, they observed an increase in the numbers of neutrophils and 
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alveolar macrophages in the BAL nuid, as well as an increase in acute innammation. 
Of particular interest is that Fe20 3 from three different sources was used in the stud ies 
and on ly the Fe20 3 that had a significant amount of soluble iron caused an increase in 
the above-mentioned effects. Further, the innammatory response produced by the 
Fe,03 that contained the soluble iron correlated with the in vitro fonnation of 
thiobarbituric acid reactive products of deoxyribose. This suggests that the increased 
innammatory response was not simply due to the presence of particles in the 
respiratory system, but was more likely due to the generation of reactive oxygen 
species catalyzed by the so luble iron from the particles. 
Other investigators have implicated iron in the induction of proin nammatory 
cytokines. The increased IL-8 secretion by A549 cell s treated with CFA was shown to 
be dependent on the amount of bioavailable iron in the particles as indicated by the 
increased levels of the intracellular iron storage protein ferritin (22). The amount of 
IL-8 induced by CFA also varied with the particle size and type of coal used to 
generate the ash with the greatest response to the smaller size fractions which released 
the largest amounts of iron (22). Removal of approximately 24% of the total iron 
contained in the CF A prevented the increase in IL-8 mRNA and protein levels, 
suggesting that iron played a role in this induction. Further, treatment of A549 cells 
with CFA in the presence of the radical scavengers tetramethyl thiourea (TMTU) or 
Me2SO also prevented the increase in IL-8 protein levels. While the exact mechanism 
by which CF A induced IL-8 was not determined, these results suggest that the iron 
catalyzed production of a radical species was involved, possibly through an oxidant 
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mediated activation of the transcription factor NF-KB. 
Dormans e1 a/. (82) reported that subacute inhalation of CFA in rats resulted in 
an acc umulation of fl y ash particles in the lungs and a dose-related increase in lung 
weight. They further reported a change in lung hi stology including a mononuclear cell 
infiltrate, proliferated type II cell s, and a slight fibrotic reacti on (82). The 
component(s) of the CFA responsible for the inflammatory response were not 
detem1ined. However, the observations are consistent with the induction of 
inflammatory cytokines, possibly through a metal-catalyzed oxidant production and 
subsequent activation ofNF-KB. 
A number of investigators have shown an induction of inflammatory cytokines 
by the fibrous particle, asbestos, in cultured cells. Rosenthal e/ a/. (83) demonstrated 
that chrysotile or crocidolite asbestos stimulated a dose-dependent production of IL-8 
by primary human bronchial epithelial cells, as well as A549 cell s. However, asbestos 
fai led to stimulate the release ofTNF, IL- l~. or monocyte chemoattractant protein-! 
(MJP-1) in these cell types . Simeonova and Luster (84. 85) observed that the radical 
scavenger TMTU partially inhibited the binding acti vity of the transcription factors 
NF-KB and NF-IL-6 to the regulatory elements in the IL-8 promoter region in A549 
cells treated wi th crocidolite. In addition, they demonstrated that inhibitors of protein 
kinase C and inhibitors of tyrosine kinase prevented the crocidolite-dependent 
secreti on of IL-8. They concluded that the increased production of IL-8 in A549 cells 
treated with crocidolite was mediated by tyrosine kinase(s) resulting in the activation 
and binding of nuclear proteins to the NF-KB and NF-IL-6 binding sites of the IL-8 
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promoter region . Luster and Simeonova (85) and Simeonova eta/. (86) also report ed 
that levels of lL-6 in A549 or primary normal human bronchial epithelia l (NHBE) 
cells treated with crocidolite were increased through the activation ofNF-KB and NF-
lL-6 transcription factors, which recognize the lL-6 promoter. 
Reactive Oxygen and Nitrogen Species. Inflammatory cells, such as 
neutrophils, macrophages, and eosinophi ls, have long been known to release reactive 
oxygen species. However, the airway epithelium has only recentl y been realized to 
release oxidants. Nitric oxide (NO) is produced during the conversion of arginine to 
citrulline by NO synthase (NOS). The respiratory epithelium is capable of producing 
NO by either the inducible form of NOS (iNOS) (87) or the constitutive form of NOS 
(eNOS) (88) . NO is involved in the regulation of coagulation, smooth muscle tone , 
and inflammation (89). Many of the effect s of NO on cell function involve the 
binding of NO to the heme group of various enzymes (90). The relaxation of vascular 
smooth muscle occurs through the ac tivation of guanylate cyclase and the subsequent 
formation of guanosine 3':5'-cyclic monophosphate (91). NO can also promote airway 
inflammation by altering the expression and activation af oxidant -controlled 
transcription factors , including NF-KB and AP-I (92), which are involved in the 
regulation of IL-6 and IL-8 expression. In addition, NO has been shown to activate 
cyclooxygenase enzymes which could lead to increased production of lipid mediators 
of inflammation, including prostaglandins (93-95). 
Blackford eta/. (96) studied the effects of intratracheal instillation of silica, 
coal, carbonyl iron, and titanium dioxide on iNOS gene expression and NO production 
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in rats. While they found that all of the dusts caused some degree of pulmonary 
infl ammation , they determined that only silica, coal dust, and titanium dioxide 
sign ificantl y increased the production of NO by the bronchoalveolar lavage cells. 
However, they found that only silica or titanium dioxide significantly increased the 
steady-state levels of iN OS mRNA relati ve to instillation of saline alone. Silica 
induced the highest levels ofiNOS mRNA, NO production, and pulmonary 
inflammation, of any of the particles studied. Of particular interest in this study was 
that the resu lts did not correlate well with the known pneumoconiotic potency of the 
various dusts. When the investigators reanalyzed their data by normalizing the 
responses to an equal number of particles, they found that the order of inflammatory 
potency was si lica> coal dust > carbonyl iron > titanium dioxide. This sequence 
correlates well wi th the published inflammatory potential for these dusts. This 
suggests that both particle mass and particl e count must be considered when 
investigating either in vitro or in vivo particle exposure. Additional in vestigation must 
be carri ed out to determine the mechanism by which the leve ls of iN OS mRNA and 
NO are increased by these dusts. It may prove to be simply an interaction of the 
particl es wi th cell surface receptors or it may be due to a particular component of the 
particles such as metals. 
Further research is clearly needed to determine the mechanism(s) by which PM 
causes damage in humans. Of particular importance will be the identification of the 
component(s) of PM which are responsible for the damage. Once these damaging 
components of PM are identi tied they can be monitored and regulated . 
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CHAPTER 3 
MOBILIZATION OF IRON FROM URBA N PARTICULATES LEA DS TO 
GENERATION OF REACTIVE OXYGEN SPECIES IN VITRO AND 
INDUCTION OF FERRITIN SYNTHESIS IN HUMA N 
LUNG EPITHELIAL CELLS 1 
Abstract 
Many of the biochemical effects of asbestos in cultured ce ll s have been shown 
to be due to iron, which can be as high as 27% by weight. Urban air particulates also 
contain iron, and some of the pathological effects after inhalation may be due to 
reacti ve oxygen species produced by iron-catalyzed reactions. Two standard reference 
material (SRM) urban air particulate samples were used for the studies described here. 
SRM 1648 (3.9% iron by we ight) was collected in the St. Louis, MO, area, and SRM 
1649 (3% iron by weight) was collected in the Washington, DC, area. To determine if 
iron associated with urban particulates could be mobili zed, as it is from asbestos, 
SRMs 1648 and 1649 were incubated with I mM citrate or EDTA, in the presence or 
absence of ascorbate . Iron was mobilized fro m both particulates by either che lator, 
especially in the presence of ascorbate . Citrate, in the presence of ascorbate, 
mobili zed 30.9 nmol of Fe/mg of SRM I 648 and 65.1 nmol ofFe/mg of SRM 1649 in 
24 h. EDTA, in the presence of ascorbate, mobili zed 53.8 nmol ofFe/mg ofSRM 
1Coauthored by Kevin R. Smith and Ann E. Aust ( 1997) Chemical Research in 
Toxicology, 10, 828-834. Copyright I 997 American Chemical Society. Reproduced 
with permission. 
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1648 and 98.8 nmol of Fe/mg of SRM 1649 in 24 h. To detenninc whether reactive 
oxygen species were being produced by the particulate iron, each particulate was 
incubated with <pX 174 RFI DNA in the presence or absence of ascorbate. Single-
strand breaks (SSBs) were produced by either particulate, but only in the presence of 
ascorbate. Incubat ion of SRM 1648 or 1649 (0 .5 mg/mL) with DNA in the presence 
of ascorbate and citrate resulted in 20% or 34% DNA with SSBs, respectively. 
Incubation of SRM 1648 or 1649 (0.1 mg/mL) with DNA in the presence of ascorbate 
and EDTA resulted in 26% or 45% DNA with SSBs, respectively. To detennine if 
iron associated with urban particulates could be mobilized by human lung epithelial 
cells (A549), cells were treated with particulates and the amount of the iron storage 
protein ferr itin was detennined at the end of treatment. The 6.4- or 8.4-fold increase 
in ferritin observed in cells treated with SRM 1648 or 1649, respectively, over that of 
contro l (untreated) cells strongly suggested that iron was mobili zed in the cultured 
cells. If similar mobili zation and reactivity of the iron occurs in the lung, this may 
explain some of the pathological effects of urban particulates. 
Introduction 
Particulate air pollution has been implicated as contributing to the incidence 
and severity of respiratory disease. Elevated levels of particulate air pollution have 
been associated with increased incidence of asthma attacks (1) , increased hospital 
admissions for pneumonia and chronic obstructive pulmonary di sease (2), 
emphysema, chronic bronchitis and asthma (3) , and increased mortality due to chronic 
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obstructive pulmonary di sease , pneumonia, and cardiovascular disease (4, 5). 
Particulate air pollution is a complex mixture of organic and inorganic 
compounds. The primary focu s of research on particu late air pollution has been on the 
organic constituents, including the polycyclic aromat ic hydrocarbons, such as 
benzo[a]pyrene, which have been related to the development of cancer in man. 
However, in recent years, research on the transition metals found in particulate air 
pollution has increased. Particulate air pollution contains transition metals, such as 
iron (most abundant), copper, nickel, vanadium, and cobalt, which can catalyze the 
one-electron reductions of molecular oxygen necessary to generate reactive oxygen 
species, such as the highly reactive hydroxyl radical Ho•, as shown in the iron-
catalyzed Haber-Weiss reactions below: 
reductant"+ Fe(lll) - reductant"•' + Fe(II ) 
Fe(! I) + 0 2 - Fe(lll) + o;· 
HO,• + o,•· + H+- 0 2 + H,O, 
Fe( II)+ H20 2 - Fe(III) + OH. + Ho• (Fenton reaction) 
(I) 
(2) 
(3 ) 
(4) 
Iron will continue to redox cycle in the above reactions as long as there is 
sufficient 0 2 or H20 2 and reductant, such as ascorbate, cysteine, or under unusual 
circumstances 0 2 • ·. Human lung epithelial lining fluid is estimated to contain 160 f!M 
ascorbic acid (6). The ascorbic acid in lung epithel ial lining fluid may cause the 
extracellular reduction of Fe( III) from inhaled air particu lates. The redox cycling of 
iron in the above reactions leads to the producti on of reactive oxygen species. The 
chemical identity of low molecular weight, intracellular iron chelators, in general, is a 
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subject about which little is known. Iron mobilized from particulate air pollution may 
be bound to proposed physiological low molecular weight chelators, such as citrate, 
acetate, or phosphate compounds, such as A TP, GTP, or pyrophosphate (7). 
It has been shown that crocidolite asbestos , containing 27% iron by weight, 
catalyzes many of the same reactions that iron does in vitro, including HO" formation 
(8, 9), induction of DNA single-strand breaks (SSB) (10) , and lipid peroxidation (II, 
1 2). Iron was mobilized from crocidolite asbestos, but only in the presence of a 
chelator, such as EDTA or citrate(/ 3) . Iron mobilization enhanced, or was 
responsible for, these asbestos-dependent reactions (14). Iron was mobilized from 
crocidolite asbestos in cultured human lung epithelial cells (A549) (/ 5) at a rate 
similar to that observed in vitro when citrate was incubated with crocidolite for 24 h 
(10). The iron was mobilized into subcellular fractions: a < I 0 000 molecular weight 
fraction and a > I 0 000 molecular weight fraction that contained the iron storage 
protein ferritin(/ 5). Iron from crocidolite has been shown to participate in the 
formation ofS-hydroxy-2'-deoxyguanosine, the induction ofmRNA for the inducible 
form of nitric oxide synthase, and the increased nitric oxide production in A549 cells 
(/ 6). The monomethanesulfonate salt of N-[5-[3-[(5-aminopentyl)hydroxycarbamoyl] 
propionamido ]penty !]-3-[[ 5-(N -hydroxyacetamido )pentyl]carbamoy l]propiono-
hydroxamic acid ( desferrioxamine B), an iron-specific chelator, reduced the 
cytotoxicity of amosite asbestos in human pulmonary epithelial cells(/ 7). 
Desferrioxamine B also reduced cellular lipid peroxidation caused by crocidolite (18). 
A direct correlation between intracellular mobilized iron concentration and induced 
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ferritin leve ls in A549 ce ll s was also observed (19). In fact , the amount of iron in the 
< I 0 000 molecu lar weight frac tion was directl y re lated to the tox icity of crocidolite in 
human lung ep ithelial ce lls(/ 5). Thus, increased ferritin levels may be used as an 
indication of intracellular iron mobili zation from particulates. 
The purpose of thi s study was to detennine the ability of chela tors to mobi lize 
iron from urban particulate samples and to determine the ability of this iron to catal yze 
the format ion of reactive oxygen species in vi tro. Iron was mobilized from the 
particulates and was shown to be responsible for the formation of reactive oxygen 
species leading to DNA SSBs in the presence of ascorbate. Increased intracellular 
ferTitin leve ls in A549 ce lls treated with urban particulates strongly suggest that iron 
was mobilized within the cultured cell s. This mobilized iron may be reactive, as in the 
DNA SSB assay, resulting in cell damage lead ing to some of the acute and/or chronic 
respiratory effects observed with particulate air pollution. 
Materials and Methods 
Particulates, Asbestos, and Reagents. Samples of standard reference 
materials (SRM) I 648 and I 649 from the National Institute of Standards & 
Technology (Gaithersburg, MD) were a generous gi ft from Dr. James C. Ball, Ford 
Motor Co., Dearborn, Ml , and contained 3.9% and 3.0% iron by weight, respectively 
(20, 2 1). SRM I 648 is an urban air particulate matter sample collected over a 2-year 
period, from I 974 to 1976, in St. Louis, MO, and SRM 1649 is an urban air 
dust/organics sample collected over a !-year period, from I 975 to I 976, in 
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Washington, DC. Approximately 50% and 30% of the particulates in SRMs 1648 and 
1649, respectively, are less than 10 f.!m in mean diameter. ' Particulates with a mean 
diameter Jess than 10 flm are considered to be respirable. Crocidolite asbestos , 
containing 27% iron by weight (22), was obtained from Dr. Richard Griesemer, 
NIEHS/NTP (Research Triangle Park, NC). The particulates and asbestos were 
handled in a multihazard glovebox (Labconco, Kansas City, MO) to prevent 
inhalation. 
Closed-circular, superhelical q>X 174 RFI DNA was obtained from New 
England Biolabs (Beverly, MA). DNA was removed from the shipping buffer by 
ethanol precipitation, as described by Maniatis eta/. (23) , and redissolved in 50 mM 
NaCl, pH 7.5. The sodium salt ofL-ascorbic acid was obtained from Sigma Chemical 
Co. (St. Louis, MO). The iron chelator 3-(2-pyridyl)-5,6-diphenyl- 1 ,2,4-triazine-p,p'-
disulfonic acid (ferrozine), was obtained from Aldrich Chemical Co. (Milwaukee, 
WI). Sodium chloride, sodium citrate, and the disodium salt of EDT A were obtained 
from Mallinckrodt, Inc. (Paris, KY). Desferrioxamine B was obtained from CIBA 
(Summit, NJ). Contaminating metals were removed from 50 mM NaCI by 
chromatography using Chelex I 00 (Bio-Rad Laboratories, Richmond, CA). The 
remaining solutions were then prepared using Chelex-treated NaCI. Stock solutions of 
ascorbate were prepared immediately before use. All solutions were prepared under 
incandescent red lights and stored in the dark. 
Iron Mobilization by Chelators. The amount of iron mobilized from 
2B. MacDonald (NIST), unpublished results. 
crocidolitc asbestos, in 24 h, was detem1ined as previously described (13). The 
mobilization of iron from urban particulates was determined as previously described 
(13), with the following modifications. Particulates were suspended in 50 mM NaCI 
51 
(I mg/mL). Because of the acidity of the particul ates, the pH of the 50 mM NaCI was 
adjusted to 10.5 before addition to the particulates so that the final pH of the 
particulate suspension was near 7.5. The samples were mixed by vortexing for 30 s, 
and the pH was immediately adjusted to 7.5 with 0.1 N NaOH. Ci trate or EDTA was 
then added to designated samples, to obtain a final concentration of I mM. Fresh ly 
prepared ascorbate was added to designated samples, to obtain a final concentration of 
I mM, and all samples were placed on a wrist-action shaker in the dark for up to 24 h 
to prevent photochemical reduction of iron (24). At regular time intervals, 1.0 mL 
samples were withdrawn and centrifuged at 13300g for 8 min to remove the 
particulates. The amount of iron mobilized as the citrate:Fe or EDTA:Fe complex in 
the supernatant was determined, as originally described by Brumby and Massey (25) 
for non-heme iron determination , except that ferrozine (0.4%, w/v) was used instead of 
I, 1 0-phenanthroline (1 3). The pH was readjusted at regular time intervals throughout 
the incubation period to prevent alteration in the rates of iron mobilization. The 
concentration of iron mobilized by citrate, EDTA, or ascorbate (nmol of Fe/mg of 
particulate) was plotted versus time. 
Particulate-Dependent Induction of DNA SSBs. The ability of particulates 
to catalyze the formation of DNA SSBs was determined as previously described (10). 
Briefly, particulates, at the indicated concentrations, were incubated with <pX 174 RFI 
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DNA (0.5 J.lg) , I mM chelator (EDTA or citrate) , and/or I mM ascorbate for 30 min in 
50 mM NaCI , final pH 7.5. Tracking dye was added at the end of the incubation, and 
the samples were centrifuged at 13300g fo r 8 min to remove the particu lates. Samples 
were then loaded into a 0.6% agarose ge l and subjected to electrophoresis for 
approximately 2 h to separate closed-circular, superhelical (forn1 I) DNA from DNA 
wi th SS8s (form II ). The DNA in the gel was then stained with ethidium bromide, 
transilluminated with UV light, and photographed. The negatives were then analyzed 
by integrated scanning densitometry. The areas of the peaks for each form of DNA 
were used to calculate the percentage of DNA with SSBs in each lane, as previously 
described (I 0). Results are expressed as percent DNA wi th SS8s. 
To detern1ine whether iron was responsible for the formation of DNA SS8s, 
desferrioxamine 8 (I 0 mM), which binds Fe(Ill) rendering it redox inactive, was 
preincubated with particulates (0.5 or 0.1 mg/mL) for 24 h prior to the addi tion of 
citrate or EDTA, respectively. Desferrioxamine 8 remained in the mixtures 
throughout the experiment to prevent any subsequent mobilization of iron by citrate or 
EDTA. 
Effect of Iron Mobilization by Citrate on Particulate-Dependent Induction 
of DNA SSBs. Particulates (0.13 mg/mL) were pre incubated in 50 mM NaCI, pH 7.5, 
with citrate (I mM) and ascorbate (I mM) for 24 h on a wrist-action shaker in the 
dark. Triplicate samples were examined in order to compare the formation of DNA 
SS8s catalyzed by complete samples, containing particulates plus the mobilized iron, 
with the supernatant, containing on ly mobilized iron. Supernatant samples were 
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prepared by removing the particu lates by centrifugation through Microcon 10 
microconcentrators (Amicon, Inc ., Beverly, MA) prior to incubation wi th DNA in the 
presence of ascorbate. The amount of total iron in the supernatant , i.e. , mobilized iron, 
was determined , as described under Iron Mobilizati on by Chelators. 
All experiments were carried out at room temperature (25 °C) and in a 
darkroom lighted by incandescent red lights to prevent photochemical reduction of the 
iron (24) . Each experiment was repeated three times, and resu lts arc reported as the 
percentage of DNA with SSBs ±SO relati ve to the control , untreated DNA. 
Cell Culture. Complete growth medium was composed of Ham 's Fl2 cell 
culture medium (Life Technologies, Grand Island, NY), 50 J.lglmL gentamic in 
(Whittaker, M.A. Bioproduct Inc ., Walkersvi ll e, MD), 10% fetal bovine serum 
(Summit Biotechnology, Fort Collins, CO), and 1. 176 g ofNaHCO/ L of medium to 
obtain a final pH of7.4. 
A human lung epithelial cell line, A549, with characteristics of alveo lar 
epithelial type II cells was used for these studies. The A549 cells (A TCC CCL1 85) 
were obtai ned from American Type Culture Co!lection (Rockville, MD). Cells were 
cultivated in complete growth medium in a Forrna Model 315B water-jacketed 
incubator (Forrna Scientific, Marietta, OH) at 37 ± I oc in an atmosphere of 5 ± 0.5% 
C02 and 95% humidity. For maintenance of stock cu ltures, cells were di slodged with 
0.5% trypsin and 0.2% EDTA (Life Technologies, Grand Island, NY) before reaching 
confluence, resuspended in complete growth medium, and plated. 
Preparation of Particulates for Treatment of Cells. Particulates were 
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suspended in sterile 14 mM NaHC03, pH 7.4, immediately before use, vortexed for I 
min , and diluted to the appropriate concentration with complete growth medium. The 
pH of the complete growth medium, containing the particulates, was 7.5. 
Treatment of Cells with Particulates. The ce lls were cultured in fl asks until 
90-95% confluent, then di slodged with trypsin-EDT A, resuspended in complete 
growth medium, counted using a Coulter cell counter (Coulter Electronics, Inc ., 
Hialeah, FL) , and plated at a culture density of20 000 cell s/em' . After the cell s were 
allowed to recover for 24 h, they were treated with particulates ( I 00 ~g/cm2). After 24 
h, the complete growth medium, containing the particulates that were not associated 
with cells and/or phagocytized, was removed. The cell s were rinsed wi th 0.15 M 
phosphate-buffered saline, pH 7.4, once and di siodged with 0.25% trypsin (Life 
Technologies, Grand Island, NY) without EDTA, since EDTA is known to mobilize 
iron from crocidolite asbestos (13). The cells were stored in I mL of double-distilled 
H20 , containing 0.1 mM phenylmethanesulfonyl fluoride at -80 oc. 
Determination of the Concentration of Ferritin. The harvested and frozen 
cell s were lysed as previously described (I 5) . Particulates and cell debris were 
removed by centrifugation at I OOOOg for 30 min. The concentration of ferrit in in the 
I OOOOg supernatant was determined using a sandwich enzyme-linked immunosorbent 
assay (ELISA), as prev iously described (19, 26). Briefly, the antibody to a mixture of 
human spleen and liver ferritin (Boehringer Mannheim Biochemicals, Indianapolis, 
IN) was used as the capture antibody to coat the microliter plate. Standard human 
liver ferritin (Calbiochem, San Diego, CA) or cell lysate was then added to the 
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microplate resulting in the binding of the ferritin to the antibody. The conjugate of 
peroxidase and antibody to the human spleen and liver ferritin was then added to serve 
as the detector to deterrnine the amount of ferritin bound to the capture antibody. 
Tetramethylbenzidine was then added to serve as the substrate for the peroxidase, and 
the absorbance of the oxidation product oftetramethylbenzidine was deterrnined at 
450 nm. The standard curve, using human liver ferritin (Calbiochem, San Diego, CA), 
was linear for absorbance at 450 nm versus the amount of standard human liver ferritin 
between 0 and 7.5 ng. Total protein in the cell lysate was deterrnined using 
bicinchoninic acid (Sigma Chemical Co. , St. Louis, MO). The results are expressed as 
ng of ferritinl}.lg of total protein. 
Results 
Iron Mobilization by Chelators and the Effect of Ascorbic Acid. SRMs 
were selected for these studies because the chemical composition is well-
characterized. Further, because large quantities of these SRMs are available, studies 
can be compared with those from other laboratories. Incubation of particulates in 50 
mM NaCI, in the absence of a chelator, did not result in mobilization of iron (data not 
shown). As shown in Figure 3-1, incubation of the physiologically relevant chelator 
citrate with SRM 1648 resulted in iron mobilization with levels of 8.0 ± 0.1 nmol of 
Fe/mg of particulate after I hand 24.9 ± 0.8 nmol ofFe/mg of particulate after 24 h. 
The addition of ascorbate increased the amount of iron mobilized after I or 24 h by 
1.2-fold. Incubation of citrate with SRM I 649 resulted in higher levels of iron 
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Figure 3-1. Iron mobilization by citrate from SRMs 1648 and 1649. SRM 1648 (I 
mg/mL) in the presence (e ) or absence (0) of I mM ascorbate or SRM 1649 (I 
mg/mL) in the presence C• J or absence (D) of I mM ascorbate was incubated in 50 
mM NaCI, pH 7.5, with I mM ci trate for 24 h, as described in the Materials and 
Methods section. The results are expressed as the mean± SD (n = 3). Error bars 
represent the SD. The absence of error bars indicates that the SD is contained within 
the symbol. 
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mobili zation of 14.5 ± 0.5 nmol ofFe/mg of particulate after I h or 52.9 ± 2.4 nmol of 
Fe/mg of particulate a fter 24 h, even though SRM 1649 had less iron than SRM 1648. 
The additi on of ascorbate increased the amount of iron mobili zed after I h by 1.3-fold 
and after 24 h by 1.2-fold . For compari son, incubation of citrate with crocidolite (27% 
iron by weight) for I h resulted in iron mobi li zati on of 4.2 ± 0.5 nmol of Fe/mg of 
crocidolite, and the addition of ascorbate increased thi s amount to 4 .8 ± 0.9 nmol of 
Fe/mg of croc idolite ( 13). A 24 h incubation of citrate with crocidolite resulted in 
mobili zation of 36.9 ± 1.5 nmol of Fe/mg of croc idolite, and the addi tion of ascorbate 
increased this amount to 48.3 ± 0.2 nmol of Fe/mg of crocido lite. 
As shown in Figure 3-2, incubation of EDT A wi th SRM 1648 resulted in iron 
mobilization with leve ls of 13.8 ± 0.4 nmol of Fe/mg of particulate after I hand 23 .1 
± 1.4 nmol ofFe/mg of particulate after 24 h. The addition of ascorbate increased the 
amount of iron mobi lized after I h by 2.0-fold and after 24 h by 2.3-fo ld. Incubation 
of EDTA wi th SRM 1649 resulted in higher levels of iron mobili zation of 41.1 ± I. 7 
nmol of Fe/mg of particul ate after I h or 91.6 ± 1.6 nmol of Fe/mg of particulate after 
24 h. The add ition of ascorbate increased the amount of iron mobilized after I h by 
1.6-fold and after 24 h by 1.1-fold . For comparison, incubation of EDTA with 
crocidolite for I h resulted in iron mobilization of 30.1 nmol of Fe/mg of crocidolite 
and 27.3 nmol ofFe/mg ofcrocidolite with the additi on of ascorbate (13). A 24 h 
incubation of EDTA with crocidolite resulted in mobilization of 82.9 ± 4.4 nmol of 
Fe/mg of crocidolite and 84.7 ± 2.3 nmol ofFe/mg of croci do lite with the addition of 
ascorbate . 
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Figure 3-2. Iron mobilization by EOTA from SRMs 1648 and 1649. SRM 1648 (1 
mg/mL) in the presence (e ) or absence (0) of I mM ascorbate or SRM 1649 (I 
mg/mL) in the presence (• ) or absence (D) of 1 mM ascorbate was incubated in 50 
mM NaCI, pH 7.5 , with I mM EOTA for 24 h, as described in the Materials and 
Methods section. The results are expressed as the mean± SO (n = 3). Error bars 
represent the SO. The absence of error bars indicates that the SO is contained within 
the symbol. 
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As shown in Figure 3-3-A, incubation of ascorbate with SRM 1648 resulted in 
iron mobili zation of I. 7 ± 0.1 nmol of Fe/mg of particulate after I hand 7.2 ± 0.6 
nmol of Fc/mg of particulate after 24 h. Incubation of ascorbate with SRM 1649 
resulted in very similar iron mobilizations of 2.0 ± 0.1 nmol of Fe/mg of particulate 
after I hand 7.6 ± 1.0 nmol of Fe/mg of particulate after 24 h (Figure 3-3-B). The 
reason for the initial decrease of the curve in Figure 3-3-B is not known. For 
comparison, incubation of ascorbate with crocidolite for I h resulted in less iron 
mobilization , 0.5 nmol of Fe/mg of crocidolite (/ 3). 
Ascorbate-Dependent Formation of DNA SSBs Catalyzed by Particulates. 
We have previously shown that Fe-catalyzed fom1ation ofSSBs in q>Xl74 RFI DNA 
was due to the formation ofHo• or a similarly reactive species (10). Therefore, to 
determine whether these particulates, or iron mobi li zed from them, were capable of 
generating reactive oxygen species, they were examined for their abili ty to generate 
SSBs in DNA. The incubation of either particulate alone in the absence of ascorbate 
did not catalyze the formation of detectable amounts of DNA SSBs when incubated 
with DNA for 30 min (data not shown). The results in Table 3-1 show that SR.Ms 
1648 and 1649 caused the fom1ation of DNA SSBs in the presence or absence of 
citrate or EDT A, but only in the presence of ascorbate. SRM 1649 with ascorbate 
caused more DNA SSBs than SRM 1648 with ascorbate. This may be explained by 
considering the iron mobilized at 0.5 h, in the presence of ascorbate, which is the time 
used for the DNA SSB assay. More iron was mobilized from SRM 1649 than from 
SRM 1648 at 0.5 h, as shown in Figure 3-3. Redox cycling of thi s iron would lead to 
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Figure 3-3. Iron mobilization by ascorbate from SRM 1648 (A) or SRM 1649 (B). 
SRMs (I mg/mL) were incubated in 50 mM NaCI, pH 7.5, with I mM ascorbate for 
24 h, as described in the Materials and Methods section. The results are expressed as 
the mean ± SD (n = 3). Error bars represent the SD. The absence of error bars 
indicates that the SD is contained within the symbol. 
Table 3-1. Effect of Chelators on Particulat.e-Dependent Formation of DNA SSBs' 
%DNA with SSBs 
12articulate ascorbate ascorbate and citrate ascorbate and EDT A 
SRM 1648 (0.5 mg/mL) 20± 2 20 ± I ND' 
SRM 1649 (0.5 mg/mL) 33 ± 2 34 ± 6 ND' 
SRM 1648 (0.1 mg/mL) 10± 1 NOb 26 ± 3 
SRM 1649 (0.1 mg/mL) 17 ± 1 NDb 45 ± 3 
crocidolite (I mg/mL) 19 ± 4' 28 ± 4' 87 ± 3' 
'Assays contained 0.5 11g of <pX 174 RFI DNA incubated for 30 min under the indicated conditions. The percentage of DNA 
with SSBs was determined as described in Materials and Methods. The data are presented as the means ± SD (n = 3) and are 
relative to the control of DNA plus ascorbate. 
bND, not determined at this particulate concentration because% DNA with SSBs would be too low to detect. 
'N D, not determined at this particulate concentration because% DNA with SSBs would be too high to quantitate . 
'Data from ref I 0. 
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greater DNA damage from SRM 1649 than from SRM 1648 in the short time period 
used for these assays . The addi ti on of EDTA greatl y enhanced the formation of DNA 
SSBs from either particulate in the presence of ascorbate, whi le citrate did not enhance 
the formation of DNA SSBs from either particulate over that of the particulate in the 
presence of ascorbate alone. The amount of DNA SSBs observed wi th either 
particulate was considerably greater than that previously observed for crocidolite (10). 
In fact, the particulates had to be diluted by one-half for citrate and one-tenth for 
EDTA so that the DNA SSB activity could be quantified. 
Effect of Total Iron Mobilization on Particulate-Dependent Formation of 
DNA SSBs. To determine whether the formation of DNA SSBs was dependent upon 
iron associated with, or mobilized from, urban particulates, the percentages of DNA 
with SSBs cata lyzed by the mixtures containing the particulates were compared with 
those of the supematants from which the particulates had been removed, leaving the 
mobili zed iron (Table 3-2). Since there was no difference in the values with or 
without the particulates, it would appear that the formation of DNA SSBs was totally 
due to mobili zed iron. 
To confirm that iron was the component responsible for the formation of DNA 
SSBs, the iron chelator desferrioxamine B, which binds Fe(lll) rendering it redox 
inactive, was used. Preincubation of particulates in I 0 mM desferrioxamine B before 
addition of ci trate or EDT A and throughout the subsequent measurement of the 
formation of DNA SSBs resulted in complete inhibition of DNA SSBs (data not 
shown). Desferrioxamine B was left in the mixtures throughout the experiment in 
Table 3-2. Effect of Iron Mobilization on Particulate-Dependent Formation of DNA SSBs 
total iron mobilized sample with 
particulate (11M) particulates 
SRM 1648 
SRM 1649 
9.7 ± 0.4 
13. 1 ± 0.5 
42 ± 2 
61 ± 2 
% DNA wi th SSBsb 
supernatant with 
mobilized iron 
41 ± 3 
59 ± 2 
'The formation of DNA SSBs was initiated wi th 1 mM ascorbate, and the percentage of DNA SSBs was detern1ined after a 30 
min incubation as described in Materials and Methods. 
bThe data are presented as the means ± SD (n = 3) and are re lative to the control of DNA plus ascorbate. 
a-, 
w 
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order to prevent any subsequent mobilization of iron by citrate or EDT A. 
Effect of Particulates on the Concentration of Ferritin in A549 Cells. To 
determine whether iron was being mobilized from the particu lates after treatment of 
A549 cells, ferritin levels were determined after 24 h of treatment and compared with 
untreated controls. Ferritin levels were increased by 6.4- or 8.4-fold in A549 cells 
treated with SRM 1648 or 1649, respectively, compared with control , untreated cells 
(Tab le 3-3). 
Discussion 
The results presented here strongly suggest that iron was responsible for the 
generation of oxygen radicals catalyzed by urban air particulates and that mobilization 
and redox cycling of iron were very important factors. Previous studies with 
crocidolite showed that DNA strand breaks were due to the iron-catalyzed production 
of Ho• or a similarly reactive species (10). The amount of DNA SSBs observed with 
either particulate was considerably greater than that previously observed for the iron-
containing asbestos crocidolite (10). As with crocidolite asbestos, the amount of iron 
mobilized from both particulates appeared to be directly related to the corresponding 
amount of DNA SSBs catalyzed. However, unlike asbestos (10), the percentage of 
iron present in the particulates did not appear to be directly related to the amount of 
DNA SSBs catalyzed by the different particulates. This may have to do with either the 
form in which the iron exists or the surface area of the different particulates compared 
with each other or with the asbestos fibers . Thus, the ability of the particulates to 
Table 3-3. Effect of Particulates on Concentration of Ferritin in A549 Cells' 
particulate ng of ferritin/11g of total protein 
none 
SRM 1648 [3.9%]b 
SRM 1649[3%] 
0.18 ± 0.02 
1.15 ± 0.16 
1.51 ± 0.09 
'A549 cells, plated in Fl2 medium, were treated with particulates (100 11g/cm2). Cells were harvested 24 h after treatment, 
and the concentration of ferritin was detennined, as described under Materials and Methods. The data are presented as the 
means± SD (n = 3). 
bNumbas in brackets indicate the percentage of iron by weight in particulates. 
a-
U> 
catalyze reactions 1-4 cannot be predicted from the iron content. A much belter 
indicator of the potentially damaging effects of the iron found in urban particulates 
may be in vitro assays, such as iron mobilization and/or the DNA SSB assay used in 
these studies. 
While the most abundant redox active metal found in the particulate samples 
we studied was iron , there are other redox active metals, such as copper, present (20. 
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2 1). However, when desferrioxam ine B, which binds Fe(III) , rendering it redox 
inactive , was preincubated with the particulates for 24 h before addi tion to the DNA 
SSB assay, complete inhibition of DNA strand break activity was observed. While 
desferrioxamine B has a much higher affinity for Fe(lll) than other metals, it will bind 
other metals such as copper, nickel , and cobalt. However, complexes of copper, 
nickel , or coba lt with desferrioxamine B have been shown to remain redox acti ve (27, 
28). If redox active transition metals, other than iron, were responsible for the 
observed DNA SSBs, then complete inhibition of strand breaks would not have been 
observed after preincubation of particulates with desferrioxamine B. Desferrioxamine 
B has been shown to scavenge Ho• when present at 150 mM (29). Since the level of 
desferrioxamine B used in the experiments presented here was 20 times lower, it is 
highl y unlikely that it was functioning as a radical scavenger. These results further 
support the conclusion that iron was responsible for the particulate-dependent 
formation of DNA SSBs. 
Incubation of DNA with the supernatant, from which the particulates had been 
removed , resulted in the same amount of DNA SSBs as did incubation with the 
particulates present. Therefore, iron mobili zed from both particulates by chelators 
appeared to contribute more to their in vitro biochemical reacti vity than iron 
associated with the particulates. 
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Addition of ascorbate was required to detect the formation of DNA SSBs in 
either the absence or presence of an iron chelator, suggesting that redox cycling of iron 
associated with the particulates was also important for DNA damage. The lack of 
DNA SSBs in the absence of ascorbate also suggests that the iron in the particulates is 
primarily present in the Fe(! II) form and not the Fe(II) form. This is in agreement with 
previous work showing that ascorbate must be present with ferrozine, a chelator with 
high affinity for Fe( II), to mobilize a significant amo unt of iron from the particulates 
(30). 
The percentage of iron mobilized from crocidolite into the I OOOOg supernatant 
from A549 cells in 24 h (I 5) was very similar to the percentage mobi lized by citrate 
(10) in vitro. Further, a direct correlation between the intracellular mobilized iron 
concentration and ferritin levels in A549 cells has been observed (I 9). The 6.4- and 
8.4-fold increases in ferritin levels in A549 cells treated with SRMs 1648 and 1649, 
respectively, compared with control (untreated) cells strongly suggest that iron was 
mobilized from the particulates intracellularly. This is consistent with what was 
observed for citrate or EDTA mobilization of iron in vitro, i.e. , more iron was 
mobili zed from SRM 1649 than SRM 1648. Since there is no direct method for 
measuring intracellular iron mobilizati on from the particulates, quantification of 
ferritin levels may prove useful in determining approximately how much iron is 
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mobili zed intracellularl y. 
The chronic and carcinogenic effects of crocidolite asbestos are likely due to 
the long residence time of the fibers in the lung and may also be related to the abi lity 
of the fibers to acquire reactive iron on the crystalline silicate structure from cells in 
the lung (31 , 32) as they do from solution (32, 33). Urban paniculates are less likely 
to bind iron before being cleared from the lungs because of the high content of organic 
compounds and shorter residence time. Thus, the amount and fonn of transition 
metals, e.g., iron, in the inhaled paniculates may become more imponant determining 
factors for acute lung damage from reactive oxygen species. In the two SRMs used 
for these studies, it was clear that iron was rapid ly mobili zed from the paniculates by 
ascorbate or other chelators. Therefore, iron may be mobilized by the ascorbate in the 
lung lining fluid before phagocytosis of the particulates or by other chela tors after 
phagocytosis. This could lead to rapid generation of reactive oxygen species and acute 
damage to lipids, proteins, and nucleic acids. In individuals with compromised 
respiratory systems, thi s acute damage may lead to morbidity or monality. However, 
if healthy individuals were exposed to urban particulates on a daily basis, the 
transi ti on-metal-catalyzed generation of reactive oxygen species may contribute to 
cumulative, long-term health effect s. 
In conclusion, analysis of the results presented here strongly suggest that iron 
was responsible for particulate-dependent formation of DNA SSBs. In addition, iron 
mobilized from the paniculates by citrate, followed by redox cycling, was shown to 
catal yze the formation of oxygen radicals leadi ng to DNA SSBs much more readily 
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than iron associated with the particulates . If iron is mobilized in vivo, as the increased 
ferritin levels suggest, this could represent an intracellular iron overload. This iron 
overload would result in the formation of oxygen radical species that may damage the 
lungs and lead to an increase in the incidence and severity of respiratory disease. 
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CHAPTER4 
MOBILIZATION OF IRON FROM COAL FLY ASH WAS DEPENDENT 
UPON THE PARTICLE SIZE AND THE SOURCE OF COAL' 
Abstract 
Particulate air pollution, including coal fly ash, contains iron, and some of the 
pathological effects after inhalation may be due to reactive oxygen species produced 
by iron-catalyzed reactions. The objective of this study was to determine whether 
iron, present in coal fly ash, was mobili zed, leading to ferritin induction in human 
airway epithelial cells, and whether the size of the particles affected the amount of iron 
mobilized. Three types of coal were used to generate the three size fractions of fl y ash 
collected. The Utah coal fly ash was generated from a bituminous b coal, the Illinois 
coa l fl y ash from a bituminous c coal, and the North Dakota coal fly ash from a lignite 
a coal. Three size fractions were studied to compare the amount of iron mobili zed in 
human airway epithelial (A549) cells and by citrate in cell-free suspensions. The size 
fractions selected were fine (<2.5 ~m) and coarse (2.5-10 flm) components ofPM 10, 
airborne particulate matter < I 0 ~m in diameter, and the fraction greater than I 0 ~m. 
Coal fl y ash samples were incubated with I mM citrate to determine if iron associated 
with coal fly ash could be mobilized. Iron was mobilized by citrate from all three size 
fractions of all three coal types to levels as high as 56.7 nmol ofFe/mg of coal fly ash 
'Coauthored by Kevin R. Smith, John M. Veranth, JoAnn S. Lighty, and Ann E. Aust 
(1998) Chemical Research in Toxicology, 11, 1494-1500. Copyright 1998 American 
Chemical Society. Reproduced with permission. 
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after 24 h. With all three coa l types, more iron was mobilized by citrate from the <2.5 
~111 fraction than from the >2.5 ~111 fractions. Further, the mob il ized iron was in the 
Fe(! II) form. To determine if iron associated with the coal fly ash could be mobilized 
by A549 cell s, cells were treated with coa l fly ash, and the amount of the iron storage 
protein ferritin was determined after 24 h. Ferritin levels were increased by as much 
as 11 .9-fold in ce ll s treated with coal fly ash. With two of the three types of coal 
studied, more ferri tin was induced in cel ls treated with the <2 .5 ~m fraction than with 
the >2.5 ~m frac tions. Further, inhibition of the endocytosis of the coal fl y as h by the 
cells resulted in ferritin levels that were near that of the untreated cell s, suggesting that 
iron was mobilized intracellularly, not in the culture medium. The results of this study 
suggest that differences in particle size and speciation of iron may affect the re lease of 
iron in human airway epithelial cells. 
Introduction 
Numerous epidemiological studies have shown that particulate air pollution 
with an aerodynamic diameter of less than 10 ~m (PM, 0) is associated wi th increased 
mortality and morbidity (1). Elevated levels ofPM 10 have been associated with 
increased incidence of asthma attacks (2), increased hospital admissions for 
pneumonia and chronic obstructi ve pulmonary di sease (3) , emphysema, chronic 
bronchitis and asthma ( 4), and increased mortality due to chronic obstructi ve 
pulmonary di sease, pneumonia, and cardiovascular disease (5, 6). PM 10 pollution is a 
complex mixture of organic and inorganic compounds, and the components or 
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properti es of PM 10 responsible for its effects on the respiratory system have yet to be 
determined. More recent epidemiologica l studies (7) suggest a stronger correlation 
between respiratory di sease and even smaller particulate air pollution with an 
aerodynamic diameter of less than 2.5 Jlm (PM25 ) . These recent studies have 
prompted the United States Environmental Protection Agency to issue a PM25 
standard, in addition to the current PM 10 standard. The mechanisms through which 
exposure to particulate matter causes pulmonary morbidity and mortality have not 
been elucidated. 
Coal currently supplies about 30% of the world 's energy and is likely to 
remain an important energy source in both industriali zed nations and in emerging 
economies for the foreseeabl e future due to its low cost and wide availability. 
Worldwide, more than 4.4 billion tons of coal are burned annually, primarily for 
electric power generation (8). Even with modem air pollution control equipment, the 
ny ash from coal combustion is a major source of ambient particulate pollution. 
Ash formation during pulveri zed coa l combustion has been extensively 
studied, and the mechanisms have been summarized (9, 10). The particle emiss ions 
from a coal-fired boiler have a bimodal size di stribution (II, 12). Most of the mass is 
in a primary mode with a typical mean aerodynamic diameter of I 0-20 Jlm, and a few 
percent of the total mass is in a secondary mode of sub-micrometer particles. This 
secondary mode is considered environmentally significant because the particles are 
enriched in toxic metals (1 3, 14). Industrial gas-cleaning devices are least effecti ve in 
the 0. 1-1 Jlm size range (15, 16). During pulverized coal combustion, most of the 
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noncombustible material coa lesces to form droplets of res idual ash (/7). These 
particles, which form the large particle mode, have a compos ition similar to that of the 
bulk ash from the parent coal. The sub-micrometer particles are created by a process 
of ash vaporization followed by nucleati on, condensation, and particl e growth and are 
se lectively enriched in volatile elements (18). They have a layered structure resulting 
from the successive deposition of various chemical species, as the temperature 
decreases along the particle trajectory through the furnace (14, I 9). The extent of 
enrichment of specific elements in the fine particles varies with coal type, due in part 
to differences in the mineral matter di stributi on in the parent coal (20, 21). 
Particulate air po llution, including particles produced from coal combustion, 
contains transi tion metal s, such as iron (usual ly the most abundant), copper, nickel, 
vanadium, and coba lt, which can catalyze the one-electron reductions of molecular 
oxygen necessary to generate reacti ve oxygen species, such as the highly reacti ve 
hydroxyl radical Ho• (22). These redox active transition metals may be complexed by 
oxygen- and nitrogen-containing functional groups fou nd in humic-like substances 
contained in particulate air pollution, including coal fl y ash (CFA) (23). A well -
studied particle, recognized for its ability to cause cancer in humans, crocidolite 
asbestos, contains 27% iron by weight and catalyzes many of the same reactions that 
iron does in vitro, including Ho• formation (24, 25), induction of DNA single-strand 
breaks (26) , and lipid peroxidation (27, 28). Iron mobilized from the fibers was 
responsible for catalyzing these reactions. Of more potential relevance to the human 
lung, iron mobilized in cultured human airway epithelial cells from the endocytized 
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fibers resulted in DNA oxidation, induction of mRNA for the inducible fonn of nitric 
oxide synthase, and an increased level of nitric oxide production (29). Also in 
response to iron mobilization, the iron storage protein ferritin was induced. The 
amount of iron mobilized from the endocytized fibers was directly related to the 
amount of ferritin induced, suggesting that quantifying ferritin induction might be a 
good way of estimating the bioavailable iron present in any particle. Iron, mobilized 
from urban air particulates collected in St. Louis, MO (3.9% iron), and Washington, 
DC (3% iron), has also been shown to be responsible for the fonnation of reactive 
oxygen species leading to DNA single-strand breaks in vitro and induction of ferritin 
synthesis in cultured human airway epithelial cells (30). Thus, it may be that iron 
from a variety of inhaled particulates is involved, at least in part, in the pathological 
responses observed. 
The purpose of this study was to determine whether the iron mobilization 
observed from crocidolite asbestos or mixed urban dust was also observed with CFA. 
A further objective was to detennine whether the availability of the iron varied with 
the particle size or ash mineral composition and whether the amount of iron mobilized 
in vitro by a chelator citrate correlated with the amount of iron mobilized in human 
airway epithelial cells. The amount of iron mobilized was dependent on the type of 
coal used to generate the fly ash and was greatest in the smallest size fraction collected 
for all three coals. The amount of iron mobilized by citrate correlated closely with the 
amount mobilized in the human cells. 
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Materials and Methods 
Coals and Reagents. The coals used in thi s study were run-of-mine 
commercial coals, which had previously been custom pulveri zed, size classified, and 
stored in metal drums for use in combusti on research programs at the Un iversi ty of 
Utah, and represent a subset from a suite of research coals that have been used in 
numerous investigations of coal chemistry and combustion (31). The Utah coal was 
obtained from the Deer Creek Mine (Paci fiCorp, Huntington, UT). This coal is a low-
sul fur and low-ash bituminous coal. The Illinois coal was obtained from a mine in 
Perry County, IL, operated by Consol (Library, PA). This coal is a bituminous coal 
that has a high concentration of iron in both included and excluded pyrite (FeS2). 
Illinois coal produces an acidic ash due to the high sulfur content. The North Dakota 
coal was obtained from the Knife River Mining Co. (Beulah, ND). This is a lign ite 
coa l with a low iron content, and thi s coal produces an alka line ash due to the high 
concentration of ca lcium and magnesium. The ash-forming elements in lignite occur 
primarily as ions bound to carboxyl groups. 
Sodium chloride and sodium ci trate were obtained from Mallinckrodt, Inc. 
(Paris, KY). Contaminating metals were removed from 50 mM NaCI by 
chromatography using Chelex 100 (Bio-Rad Laboratories, Richmond, CA). The 
remai ning solutions were then prepared using Chelex-treated NaCI. All so lutions were 
prepared under incandescent red lights and stored in the dark . 
Ham 's Fl2 cell culture medium, 0.5% trypsin (wi th 0.2% EDTA), and 0.25% 
trypsin were obtained from Life Technologies (Grand Island, NY). Gentamicin (50 
>tg/mL) was obtained from Whittaker, M.A. Bioproducts Inc. (Walkersv ill e, MD). 
Fetal bov ine serum was obtained from Summit Biotechnology (Fort Collins, CO). 
The human liver ferritin and cytochalasin D were obta ined from Calbiochem (San 
Diego, CA), and the bicinchoninic acid was obtained from Sigma Chemica l Co. (St. 
Louis, MO) . The iron chelator, 3-(2-pyridyl)-5,6-diphenyl-1 ,2,4-triazine-p,p'-
disulfonic acid (ferrozine), was obtained from Aldrich Chemical Co. (Milwaukee, 
WI). 
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Coal Sample Characterization. Composite samples of each of the coa ls were 
sent to Huffman Laboratories (Golden, CO) for analysis by standard ASTM methods. 
CFA Sample Generation. Samples of size-fractionated CFA were generated 
by burning pulverized coa l under controlled combustion conditions. A 30 kW 
laboratory furnace, wh ich simulates the time and gas temperature history of a full-
scale coal-fired boiler, was used to burn the three pulverized coals. A portion of the 
furnace exhaust was extracted, using a water-cooled probe, mixed wi th dilution 
nitrogen to adj ust the temperature, and directed into a I acfm Andersen cascade 
impactor (Graseby-Andersen, Smyrna, GA). Detail s of the laboratory furnace with its 
associated instrumentation and controls and of the particle collection train and flow 
metering are documented elsewhere (32). The Andersen impactor was originally 
designed as a health monitoring instrument, and the stage cut sizes model the 
deposition in the human respiratory system (33, 34). However, the Andersen 
impactor type has been used for combustion studies due to its low cost and 
documented performance characteri sti cs. It collects particles in nine size classes 
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between I 0 and 0.4 >tm and has a final filter, whic h co llects particles smaller than 0.4 
JliTI . 
The size-fracti onated CFA collected using the cascade impactor was combined 
into three composite samples for each coal. These composite samples were enriched 
in particles with an aerodynamic diameterof > IO JliTI, enriched in particles with an 
aerodynamic diameter between 2.5 and I 0 JliTI , and enriched in particles with an 
aerodynamic diameter of <2.5 JliTI . Severa l impactor runs were required to col lect a 
sufficient mass of parti cles that were smaller than 2.5 Jlm without overloading the 
upper impactor stages. The furnace was operated at a cons istent feed rate, level of exit 
oxygen, and temperature fo r all runs with a given coal. 
The sample enriched in particles larger than I 0 11m was collected as a dry, free -
flowing powder in the preseparator. An oiled substrate was used on impactor stage 0 
to minimize particle bounce which wou ld result in oversized particles being carried 
into the next size fraction. Impactor stages I -3 were operated with dry stain less steel 
co llecti on pans. The materi al col lected on these stages was transferred as dry powder 
to forrn the fraction enriched in particles wi th a diameter between I 0 and 2.5 JliTI . 
Impactor stages 5-7 and the final filter were combined to create a sample enriched in 
particles with a diameter of <2.5 Jlm. The large surface forces on these fine particles 
precluded dry transfer, and these samples were collected by washing the substrate with 
absolute ethanol. The ethanol was then evaporated from the particles at room 
temperature under vacuum. The material collected on the oiled substrate at stages 0 
and 4 was di scarded. 
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Prior to sample collection, the impactor components were cleaned using Liqui-
Nox detergent and hot water followed by rinsing in deionized water and oven drying. 
It was not feasible to clean the interior of the laboratory furnace between coal 
experiments. Blank impactor runs, carried out between coal experiments while the 
furnace temperature was maintained using natural gas, confirmed that the background 
particle emission ash released by dust accumulations inside the furnace was less than 
I% of the mass collected in the smallest samples used for thi s study. 
CFA Sample Characterization. The quality of the particle size separation 
was evaluated by scanning electron microscopy. Particle behavior in air pollution 
control devices, in the atmosphere, and in the human respiratory system is 
characterized by the aerodynamic diameter, which is the diameter of a sphere with a 
specific gravity of 1.0 that has the same ratio of inertia to drag as the actual particle. 
The physical diameter of mineral ash particles will be less than the equivalent 
aerodynamic diameter determined by l /(density) 112 . A specific gravity of2.5 was 
assumed for the CF A when converting the optical width to aerodynamic diameter. One 
quality assurance technique involved counting the oversized particles, defined as 
larger than the size that should have been captured on two or more stages above the 
stages used to collect the sample. The results were reported as a fraction of the total 
number of particles resolved in the image. The worst sample contained 5 oversized 
particles per I 000 total particles. For the Illinois CFA, a full size distribution was 
measured using NIH Image vl.60 software. Details of the microscopy sample 
preparation and size measurement are documented elsewhere (32). 
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Separate furnace runs were used to create the composite samples which were 
sent for elemental analysis (Chemical and Mineralogical Services, Salt Lake City, 
UT). The samples were digested in hot hydrochloric , hydrofluoric, nitric, and 
perchloric ac id and ana lyzed by ion-coupled plasma-mass spectroscopy (ICP/MS), 
flam e emission atomic absorption (FEAA), and atomic absorption (AA). Samples of 
Nati onal Institutes of Science and Technology (NIST) I 633b, the standard reference 
material for constituent elements in CFA, were used to validate the methods used for 
handling and analyzing the sma ll sample mass that was available for the particles with 
a diameter of <2.5 J.lm. 
Iron Mobilization by Citrate. The extent of the mobilization of iron, by 
citrate, from CFA was determined using a spectrophotometric total iron assay, which 
utilizes ferrozine to quantify both Fe(II) and Fe(lll) as a result of the addition of the 
reductant ascorbate, as previously described (35). Because of the basicity of the CFA, 
the pH of the 50 mM NaCI was adjusted to 4.5 before addition to the CFA so that the 
final pH of the CFA suspension (I mg/mL) was near 7.5. The concentration of iron 
mobilized by ci trate (nanomoles of Fe per milligram of CFA) was plotted versus time. 
Fe(ll) Mobilization by Ferrozine. The <2.5 J.lm fraction of the Utah, Illinois, 
or North Dakota CFA was suspended in pH-adjusted 50 mM NaCI as described in Iron 
Mobilization by Citrate. Ferrozine, at a final concentration of I mM, was added, and 
after 24 h, the amount of Fe(ll) mobilized as the ferrozine-Fe(II) complex was 
determined by measuring the absorbance of the supernatant at 562 nm, as previously 
described (35). 
Cell Culture. Complete growth medium was composed of Ham's F 12 cell 
culture medium, 50 jlg/mL gentamicin , I 0% fetal bovine serum, and I 176 g of 
NaHCO/ L of medium which produced a final pH of 7.4. 
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A human airway epithe lial cell line, A549, with characteristics of alveolar 
epithelial type II cells was used for these studies. The A549 cell s (A TCC CCL 185) 
were obtained from American Type Culture Collection (Rockville, MD). Cells were 
cultivated in complete growth medium in a Forma model 3326 water-jacketed 
incubator (Forma Scientific, Marietta, OH) at 37 °C in an atmosphere of 5% C02 and 
95% humidity . For maintenance of stock cultures, cells were dislodged with 0.5% 
trypsin with 0.2% EDTA before reaching confluence, resuspended in complete growth 
medium, and plated. 
Preparation of CFA for Treatment of Cells. CFA was suspended in steri le 
14 mM NaHC03 (pH 7.4) immediately before use, vortexed for I min, and diluted to 
the appropriate concentration with complete growth medium. The pH of the complete 
growth medium, containing the fly ash, was 7.5. 
Treatment of Cells with CFA. The cells were cu ltured in flasks until they 
were - 75% confluent, then dislodged with trypsin and EDTA , resuspended in 
complete growth medium, counted using a Coulter cell counter (Coul ter Electronics, 
Inc., Hialeah, FL), and plated at a culture density of20 000 cells/em'. After the cells 
were allowed to recover for 24 h, they were treated with CF A (20 Jlg/cm2). After 24 h, 
the complete growth medium, containing the CFA that was not associated with cells 
and/or endocytized, was removed. The cells were rinsed with 0.15 M phosphate-
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buffered saline (pH 7.4) once and dislodged with 0.25% trypsin without EDTA, since 
EDTA is known to mobilize iron from particulate air pollution (30). The cells were 
stored in I mL of double-distilled, deionized H,O, containing 0.1 mM 
phenylmethanesulfonyl fluoride at -80 °C. 
Determination of the Concentration of Ferritin. The harvested and frozen 
cells were lysed as previously described (36) , and the concentration of ferritin was 
determined using a sandwich enzyme-linked immunosorbent assay (ELISA), as 
previously described (3 7, 38). The standard curve, using human liver ferritin, was 
linear for absorbance at 450 nm versus the amount of standard human liver ferritin 
between 0 and 7.5 ng. The amount of total protein in the cell lysate was determined 
using bicinchoninic acid. The results are expressed as nanograms of ferritin per 
microgram of total protein . 
Ferritin Induction in the Presence of Cytochalasin D. In a single 
experiment, the cells were plated and allowed to recover for 24 has described in 
Treatment of Cells with CFA. After the 24 h recovery period, the medium was 
removed and medium containing 10 >'M cytochalasin D was added. After I h, CFA or 
ferric ammonium citrate was added directly to the medium containing the cytochalasin 
D. After 24 h, the cells were harvested as described in Treatment of Ce ll s with CFA 
for determination of the amount of ferritin using the ELISA described above. Ferric 
ammonium citrate ( 1.5 mM iron) was used for comparison because it is a soluble form 
of iron taken into the cell by a mechanism other than endocytosis. 
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Results 
CFA Sample Characterization. In Table 4-1 , the parent coal composition is 
summarized, and in Table 4-2 , the composition of the bulk ash formed from these 
coals by oxidation at 750 oc in an open crucible in accordance with the ASTM method 
is summarized. 
Figure 4-1 shows the cumulative mass di stribution for the three composite 
fractions of the Illinois CFA. The mass of the CFA that was within the spec ified size 
range for the > 10 ~m , 2.5-10 ~m, and <2.5 ~m fractions was 69, 84, and 59%, 
respectively. The elemental ana lys is for the three size fractions of CFA is given in 
Table 4-3. Iron was present at leve ls 250-9000 times higher than those of the other 
transition metals. 
Iron Mobilization by Citrate. Size-fractionated CFA was se lected for these 
studies because of the need for additional information with regard to the biological 
effects of the different size fractions ofinhalable air particulates. For the iron 
mobilization studies, the physiologically relevant chelator citrate was selected because 
previous studies in our laboratory have shown that the amount of iron mobilized from 
crocidolite asbestos by citrate in vitro was indicative of the amount of iron that was 
mobilized from crocidolite in A549 cells (36). Incubation of fly ash in 50 mM NaCJ 
(pH 7.5), in the absence of a metal chelator of any kind, did not resu lt in mobilization 
of iron (data not shown). Figures 4-2 , 4-3 , and 4-4 show the time courses of iron 
mobilization by the physiologically relevant che lator citrate for Utah, Illinois, and 
North Dakota CFA, respectively, for all three size fractions of fly ash. The amount of 
moisture 
carbon 
hydrogen 
oxygen 
nitrogen 
sulfur 
ash 
BTU!lb 
volatile% 
fixed carbon % 
coal rank 
mine, coal field 
Table 4-1. Coal Com~osition 
Utah Illinois 
3.70 7.36 
72.50 66.56 
5.55 4.70 
10.64 10.88 
1.36 1.32 
0.63 3.82 
8.98 11.78 
12,497 11 , 147 
38.74 34.53 
48.58 46.33 
highly volati le bituminous b highl y vo latile bituminous c 
Huntington , Wasatch Plateau Conso1, Illinois #6 
North Dakota 
8.7 1 
61.79 
4.44 
20.36 
0.90 
1.42 
10.12 
9,514 
39.62 
41.55 
lignite a 
Knife Ri ver, Beulah 
00 
_, 
Table 4-2. Bulk Ash Com[!osition" 
Utah Illinois North Dakota 
Al 20 3 18.38 14.55 11.34 
CaO 10.80 5.04 20.80 
Fe20 3 4.52 18.24 9.48 
MgO 0.87 0.41 3.93 
Pp, 0.18 0.18 0.44 
K,O 0.59 1.38 0.40 
Si02 52.27 52.08 20.77 
NaO 3.23 1.12 7.21 
so, 8.57 5.70 24.80 
Ti02 0.90 0.69 0.43 
total 100.31 99.39 99.60 
"Composition, expressed as percent oxide, of the bulk ash formed from these coals by oxidation at 750°C in an open crucible 
in accordance with the ASTM method. 
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Figure 4-1. Cumulative mass distribution for the three size fractions of Illinois CF A. 
The mass fraction of the Illinois CFA for the > l 0 J.lm (far right), 2.5-10 J.lm (dotted 
line), and <2.5 J.lm (far left) size fractions. 
<2.5 
element !lnl 
Fe (ppm) 51 ,000' 
45 ,000 
V (ppm) 210 
Cr(ppm) 140 
Co (ppm) 40 
Ni (ppm) 100 
Cu (ppm) 160 
'Analysis by AA. 
Table 4-3. Elemental Anal~sis b~ lCP/MS of Size-Fractionated CFA 
Utah Illinois North Dakota 
2.5-10 > 10 <2.5 2.5-10 > 10 <2.5 2.5- 10 
!lnl !lnl !lnl !lm !lm !lm !lnl 
44,000' 49,000' 150,000' 110,000' 110,000' 31 ,000' 59,000' 
40,000 46,000 140,000 95,000 99,000 30,000 62,000 
130 70 210 170 110 40 80 
180 150 120 110 90 30 80 
40 30 20 10 10 30 40 
110 100 80 70 70 60 100 
140 100 90 90 100 90 110 
> 10 
!lm 
7 1,000' 
74,000 
80 
80 
40 
100 
100 
"" 0 
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Figure 4-2. Iron mobilization by citrate from Utah CFA. The <2.5 11m (• ), 2.5-10 
11m (e ), or > 10 11m (A ) size fraction of Utah CFA ( 1 mg/mL) was incubated in 50 
mM NaCl (pH 7.5) with l mM ci trate for 24 h, as described in Materia ls and Methods. 
The results are expressed as the mean± SD (n = 3 ). Error bars represent the SD. The 
absence of error bars indicates that the SD is contained within the symbol. 
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Figure 4-3. Iron mobilization by citrate from Illinois CFA. The <2.5 Jlm (. ). 2.5-IO 
Jlm (e ), or> I 0 Jlm (.A.) size fraction of Il linoi s CFA (I mg/mL) was incubated in 50 
mM NaCI (pH 7.5) with I mM citrate for 24 h, as described in Materia ls and Methods. 
The resu lts are expressed as the mean± SD (n = 3). Error bars represent the SD. The 
absence of error bars indicates that the SD is contained within the symbol. 
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Figure 4-4. Iron mobilization by citrate from North Dakota CFA. The <2.5 J.lm (. ), 
2.5- 10 J.lm (e ), or > 10 J.lm (.t.) size fract ion of North Dakota CFA (l mg/mL) was 
incubated in 50 mM NaCl (pH 7.5) with l mM citrate for 24 h, as described in 
Materials and Methods. The results are expressed as the mean ± SD (n = 3). Error 
bars represent the SO. The absence of error bars indicates that the SD is contained 
within the symbol. 
94 
iron mobilized after 24 h is summarized in Table 4-4. For every coal type, the amount 
of iron mobilized from the <2.5 flm ash was greater than the larger diameter particles. 
In addition, the amount of iron mobilized from the <2.5 f!m Utah CFA was 
statistically significantly greater than that from the <2.5 f!m Illinois CFA, even though 
the total amount of iron in the Illinois CF A was almost 3 times greater than in the Utah 
CFA. 
Fe(II) Mobilization by Ferrozine. Incubation of ferrozine with the <2.5 ~tm 
fraction of the Utah, Illinois, or North Dakota CFA did not result in any detectable 
mobilization ofFe(II) (data not shown). 
Effect ofCFA on the Concentration of Ferritin in A549 Cells. To 
determine whether iron was mobilized from CFA after treatment of A549 cells, ferritin 
levels were determined after 24 h of treatment and compared with untreated controls. 
Ferritin levels were increased by 11 .9-, 7.6- , or 2.9-fold above those of untreated 
controls in A549 cells treated with the <2.5 , 2.5-10, or > I 0 f!m fractions of Utah CFA, 
respectively (Table 4-5) . Similarly, ferritin levels were increased by 9.4-, 6.5- , or 4.5-
fold above those of untreated controls in A549 cells treated with the <2.5, 2.5-10, or 
> I 0 f!m fractions of Illinois CFA, respectively. Treatment of A549 cells with the 
<2.5, 2.5-10, or> I 0 f!m fractions of North Dakota CFA resulted in ferritin levels that 
were increased by 4.8-, 4. 1-, or 1.8-fold, respectively, compared with those of 
untreated control cells. These data are in general agreement with what was observed 
for mobilization of iron by citrate. For the fly ash from each coal, treatment with the 
fraction enriched in <2.5 f!m particles resulted in levels of ferritin higher than 
CFA size 
<2.5 Jlm 
2.5-10 Jlm 
> \0 fllTI 
Table 4-4. Iron Mobilized from CFA by Citrate in 24 h" 
Utah 
56.7 ( 1.8)'·"1• 
40.2 ( 1.9)bd.fg 
22.0 (0 . 7)6·' 
nanomoles of Fe mobilized per milligram of CFA 
Illinois 
43.3 (1.8)'"' 
27.9 ( 1.5)6 ' 
24.0 (2.4)b 
North Dakota 
44.1 (2.4)'d' 
24.6 ( 1.6l'" 
22.3 (0 .8)" 
"The CFA (I mg/mL) was incubated in SO mM NaCl (pH 7.5) wi th I mM citrate for 24 h, as described in Material s and 
Methods. The data are presented as the means± SO (n = 3). 
bSignificantly different from the value for the <2.5 flm size fraction of the same type of coal (P < 0.05, Student ' s I test) . 
'S ignificantly different from the value for the 2.5-10 Jlm size fraction of the same type of coal (P < 0.05, Student's I test). 
dSign ifi cantly different from the value for the > 10 Jlm size fraction of the same type of coal (P < 0.05, Student's 1 test). 
'Significantly different from the va lue for the Utah CFA of the same size (I' < 0.05, Student's I test) . 
!Significantly different from the value for the Jllinois CFA of the same size (P < 0.05, Student's 1 test). 
•significantly different from the value for the North Dakota CFA of the same size (P < 0.05 , Student's 1 test). 
\0 
V> 
Table 4-5. Effect of CFA on the Concentration of Ferritin in A549 Cells' 
nanograms of ferritin per microgram of total protein 
CFA size Utah Illinois North Dakota 
control, untreated 0.08 (0.02) 0.08 (0.02) 0.08 (0.02) 
<2.511m 0.95 (0.07ld' 8 ' 0.75 (0.09)bhjh 0.38 (0.03)b•,(.g 
2.5-10 11m 0.61 (0 08).'' ' 0.52 (0.09).''' 0.33 (0.05)h.ejg 
> 1011m 0.23 (0.03)b<d.g.h 0.36 (0.03/·'·djh 0.14 (O.O))" '·d/g 
'A549 cells, plated in Fl2 medium, were treated with CFA (20 11g/cm2). Cells were harvested 24 h after treatment, and the 
concentration of ferritin was determined , as described in Materials and Methods. 
The data are presented as the means± SO (n = 3). 
•s ignifican tly different from the value for the untreated control cells cultured in the same medium (P < 0.05, Student 's 1 test). 
' Significantly different from the value for the <2.5 11m size fraction of the same type of coal (P < 0.05, Student's I test). 
JSignificant ly different from the value for the 2.5-10 11m size fraction of the same type of coal (P < 0.05, Student's I test). 
' Sign ificantly different from the value for the > 10 11111 size fraction of the same type of coa l (P < 0.05, Student 's I test). 
1Significantly different from the value for the Utah CFA of the same size (P < 0.05, Student's I test) . 
gSignificantly different from the value for the Illinois CFA of the same size (P < 0.05 , Student's I test). 
' Significantly different from the value for the North Dakota CFA of the same size (P < 0.05, Student ' s I test). 
'-0 
o-, 
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those that were observed for fractions enriched in >2.5 >1111 particles for Utah and 
Illinois CFA samples, but not for North Dakota CF A. In addition, the <2.5 >1111 sample 
of Utah CF A induced the highest leve ls of ferritin in the A549 cells compared with the 
other two CF A samples in the same size range. 
Ferritin Induction in the Presence of Cytochalasin D. To determine if iron 
was being mobilized from the particles intracellularly, the <2.5 >1111 size fraction of the 
Utah CFA was incubated with A549 cells in the presence of cytochalasin D, an 
inhibitor of actin filament polymerization which prevents endocytosis, for 24 h, and 
ferritin levels were detem1ined and compared with those in cells incubated with 
particles in the absence ofcytochalasin D. The <2 .5 >till size fraction of the Utah CFA 
was selected because this was the size and rype of CF A from which the most iron was 
mobilized by citrate or in the presence of A549 cells. Treatment of A549 cells with 
ferric ammonium citrate (1.5 mM Fe), a solub le source of iron, in the presence of 10 
>tM cytochalasin D, did not result in ferritin levels different from those of the ce lls not 
treated with cytochalasin D (0.39 or 0.41 ng of ferritin/>tg of protein, respectively). 
Therefore, cytochalasin D appeared to have no effect on induction of ferritin by a 
source of iron that entered the cell by a mechanism other than endocytosis. Incubation 
of the <2.5 >1111 size fraction of the Utah CFA in the presence of 10 >tM cytochalasin D 
resulted in an 82% decrease in the amount of ferritin induced compared with cells 
untreated with cytochalasin D (0.15 or 0.85 ng of ferritin/>tg of protein, respectively). 
This strongly suggests that the particles must be endocytized for the iron to be 
mobilized, since ferritin induction by iron mobilized outside the cells would have been 
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unaffected, as for ferric ammoni um citrate. 
Discussion 
The results presented here show that iron was mobilized from CFA by citrate 
and thai the iron was in the Fe( III ) oxidation slate. The amount of iron mobilized by 
citrate from the fraction enriched in <2.5 f!m particles was significantl y greater than 
that mobilized fro m the two fractions enriched in >2.5 flm particles for all three types 
of CFA. In addi tion, the amount of iron mobilized was dependent upon the type of 
coal used to generate the fly ash, but was not rel ated to the total amount of iron present 
in the particulate (Figure 4-5). This agrees with previous stud ies on urban air 
particulates showing that the amount of iron mobili zed from the particulates was not 
related to the amount of total iron in the particulate (30). This may have been due to 
differences in the form in which the iron ex isted in the particles or in the surface area 
of the di fferent particles. Future studies will determine which of these possibilities is 
most important. Previous studies with urban particu lates (30) and asbestos (26) 
showed that the iron-catalyzed production of Ho•, or a similarly reactive species, was 
directly related to the amount of iron mobilized from the particles. If iron is involved 
in the pathology of CFA part icles, thi s would suggest that the <2.5 f!m particles may 
be more damaging per unit mass than the 2.5-10 f!m component of PM 10• 
The data presented here strongly suggest that iron was also mobilized from 
CFA inside the human airway epithelial cells, leading to ferritin induction. We have 
previously observed that the amount of ferritin induced in these cells was directly 
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Figure 4-5. Relationship between the amount of iron mobilized by citrate in vitro and 
I he total iron content in CF A. 
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related to the amount of iron mobili zed intrace llularly from a variety of iron-
containing particulates,' including asbestos (37). Thus, the induction of ferritin after 
exposure to CFA strongly suggests that iron was released from the particulates in ce ll s, 
as it was in vitro in the presence of citrate. In addition, the inhibition of ferritin 
induction by the endocytosis inhibitor cytochalasin 0 strongly supports the notion that 
the particles must be internalized for the iron to be mobilized. This was also observed 
for iron mobilization from asbestos fibers (36) and other types of iron-containing 
particulates. ' Ferritin levels were higher in A549 cell s treated with the <2.5 Jlm 
fraction compared with that in cells treated with the 2.5-10 Jlm frac tion of either the 
Utah or Illinois CFA, suggesting that more iron was mobilized intracellularly from 
these samples. Although the amount of ferritin induced by the <2.5 Jlm fraction of 
North Dakota CFA appeared to be greater than that for the 2.5-10 Jlm fraction , there 
was no statistical difference. This was likely due to di fferences in physica l and/or 
mineralogical characteristics influencing the uptake of the particles by the cells or 
intrace llular mobilization of the iron from the particles. This will be a focus of future 
investigations. 
Since direct measurement of intracellular iron levels is diffi cult and not very 
sensi tive, quantification of ferritin levels promises to be a useful and sensitive method 
for determining approximatel y how much iron is mobilized from particles 
intracellularly. The direct correlation between the amount of ferritin induced in A549 
cells treated with CF A and the amount of iron mobilized from CF A by citrate in a cell-
2R. Fang and A.E. Aust, unpubli shed observations. 
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free system (Figure 4-6) suggests that knowing the amount of iron mobilized by citrate 
in vi tro may also be useful in predicting the toxicity of particles. A strong correlation 
between the extent of citrate mobilization and intracellular mobilization also existed 
for other particulates, the amphibole forrns of asbestos,' and particularly for crocidolite 
(35, 36). Therefore, it may be possible to use in vitro mobilization of iron by citrate as 
a screening test for the abi lity of particulates of unknown origin to release iron in 
laboratory animals and humans. However, since particles appear to have to be 
endocytized for iron mobilization in human airway epithelial cells and since changes 
in surface chemical characteristics may influence uptake of particles, the most reliable 
indicator may always be ferritin induction in treated cells. 
While the most abundant redox active metal found in the CFA samples we 
studied was iron , there are other redox active metals, e.g. , Cu, V, Cr, Co, and Ni , 
present. However, the other redox active metals were present at levels 250-9000 times 
lower than that of iron. Previous studies with urban air particulates showed that iron, 
not trace amounts of other redox active metals, was responsible for the particulate-
dependent formation ofHO" (30). 
Pope (39) has reported that particles with a mass median aerodynamic diameter 
of less than 2.5 J.lm derived from combustion processes were more closely associated 
with human health effects of particulate air pollution than either the PM 10 or total 
suspended particulates. The higher amounts of iron mobilized from the <2.5 J.lm size 
fraction of the CFA studied here may help to explain thi s observation, if iron is 
involved in the pathological effects. If more iron is mobilized from the <2.5 J.lm 
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size fraction of CFA in the lungs, this could lead to rapid generation of reactive 
oxygen species and acute damage to lipids, proteins, and nucleic acids. In individ uals 
with compromised respiratory systems, thi s acute damage may lead to morbidity or 
mortality. If healthy individuals were exposed to CFA, espec iall y the <2.5 Jlm size 
frac tion , on a daily basis, the iron-catalyzed generation of reactive oxygen species may 
contribute to cumulative, long-term health effects. 
In conclusion, analysis of the results presented here strongly suggests that iron 
is more readily mobilized from the fine (<2.5 Jlm) than from the coarse (2.5 -10 Jlm) 
component ofPM 10. Further, the amount of iron mobilized appears to be dependent on 
the type of coal used to generate the fl y ash, but not the iron conten t, with the most 
iron mobilized from the Utah CFA. If more iron is mobi li zed from the <2.5 Jlm size 
frac ti on in vivo, as the increased ferritin levels suggest, this could represent an 
intracellular iron overload, resulting in the fonnation of reactive oxygen species, 
damage to the lungs, and an increase in the incidence and severity of respiratory 
disease. 
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CHAPTER 5 
INTERLEUKJN-8 LEVELS IN HUMAN LUNG EPITHELIAL CELLS ARE 
INCREASED IN RESPONSE TO COAL FLY ASH AND VARY WITH 
THE BIOAVAILABILITY OF IRON, AS A FUNCTION OF 
PARTICLE SIZE AND SOURCE OF COAL' 
Abstract 
Particulate air pollution contains iron, and some of the pathological effects 
after inhalation may be due to radical species produced by iron-catalyzed reactions. 
We tested the hypothesis that iron present in coal fly ash (CFA) could induce the 
express ion and synthesis of the inflammatory cytokine interleukin-8 (IL-8). CF A, 
containing as much as 14% iron , was used as a model combustion source particle. 
Three coal types were used to generate three size fractions enriched in particles 
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[submicron (< I J.lm), fine (<2.5 J.lm) , or coarse (2.5- 10 J.lm)) , as well as the fraction 
of > IO J.lm. Treatment of human lung epithelial (A549) cells for 4 h with CFA from 
Utah enriched in < 1 J.lm particles (20 J.lg/cm2 ) resulted in a 2.6-fold increase in mRNA 
levels for IL-8. IL-8 levels were increased in the medium by as much as 8-fold when 
cells were treated with the fraction enriched in the smallest size Utah CF A for 24 h. 
IL-8 production was completely inhibited when the CFA was pretreated with the metal 
chelator desferrioxamine B, suggesting that a transition metal was responsible for the 
'Coauthored by Kevin R. Smith, John M. Veranth, Autumn A. Hu, JoAnn S. Lighty, 
and Ann E. Aust (2000) Chemical Research in Toxicology, 13, 118-125. Copyright 
2000 American Chemical Society. Reproduced with permission. 
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induction, probably iron. Treatment with a so luble form of iron , ferric ammonium 
citrate (FA C), mimicked the IL-8 level increase observed with CFA. There was a 
direct relationship, above a threshold level ofbioavailable iron , between the levels of 
IL-8 and bioavailable iron in A549 cells treated with CFA or FAC. Further, the 
relationship between IL-8 and bioavailable iron for CF A was indistinguishable from 
that for FAC. These results strongly suggest that iron can induce IL-8 in A549 cells 
and that iron was the likely component ofCFA that induced IL-8. CFA-induced IL-8 
production was inhibited by tetramethylthiourea or dimethyl sulfoxide, suggesting that 
radical species were involved in the induction. These results demonstrate that iron 
present in CF A may be responsible for production and release of inflammatory 
mediators by the lung epithelium through generation of radical species and suggest 
that iron may contribute to the exacerbation of respiratory problems by particulate air 
pollution. 
Introduction 
Numerous epidemiological studies have shown that particulate air pollution 
with an aerodynamic diameter of less than 10 ~m (PM 10) is associated with an increase 
in respiratory-related mortality and morbidity (1). PM 10 pollution is a complex 
mixture of organic and inorganic compounds, and the components or properties of 
PM 10 that are responsible for its effects on the respiratory system have yet to be 
determined. Contributors to the coarse fraction ofPM 10 (2.5-10 ~m) include mining, 
road traffic, and agriculture. Diesel and internal combustion engines, as well as 
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combustion sources such as power plants burning residual oil or coal, contribute to the 
fine fraction of PM 10 (<2.5 Jlm). More recent epidemiological stud ies (2, 3) suggest a 
stronger correlation between respiratory disease and even smaller particulate air 
pollution with an aerodynamic diameter of less than 2.5 Jlm (PM 25). These recent 
studies have prompted the U.S. Env ironmenta l Protection Agency to consider a PM 25 
standard, in add ition to the current PM 10 standard . 
Particulate air pollution contains transition metals , such as iron, vanadium, 
nickel , and copper, which can catalyze the production of reactive oxygen species, such 
as the damaging hydroxyl radical HO" ( 4). A contributor to combusti on emiss ions, 
residual oi l fly ash (ROFA), has been shown to catalyze the production of reactive 
oxygen species and increase the leve l of inflammation upon instillation in rat lungs (5, 
6). The transition metals present in the ROFA, including vanadium, nickel , and iron , 
were implicated as the components responsible for these in vivo effects. Reactive 
oxygen species catal yzed by ROFA have also been shown to induce the 
proinflammatory cytokines, tumor necrosis fac tor-a (TNF-a) , interleukin-6 (!L-6), and 
interleukin-8 (IL-8) in cultured, normal human bronchial epithelial cells (7). TNF-a is 
a primary mediator of in flammation and is known to alter cell migration and 
permeability, as well as induce the production of the secondary mediators IL-6 and IL-
8. IL-6 induces T-cell activation and proliferation (8) , and IL-8 is chemotactic for 
eosinophil s, neutrophils, T-lymphocytes, and basophils (9). Vanadium was implicated 
as the component of ROFA responsible for the induction of these cytokines in vitro. 
The focus of the health effects of particulate air pollution has been primarily on the 
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respiratory system; however, cardiac arrhythmia has also been shown to be increased 
after instillation of ROFA in healthy or cardiopulmonary-compromised rats (1 0). 
Diesel exhaust particles (DEP), another contributor to particulate air pollution, have 
been shown to catalyze the production of reactive oxygen species in a cell-free system 
as well as increased IL-8 leve ls in cultured, normal human bronchial epithelial cells 
(11, 12). 
The fibrous particle, crocidolite asbestos, contains 27% iron by weight and has 
been shown to catalyze the production of hydroxy l radical (13. 14) and lipid 
peroxidation (15, 16). Levels of the iron storage protein ferritin were increased in 
response to iron mobilized from croci do lite after endocytosi s of the fibers by human 
lung epithelial (A549) ce ll s (17). A direct correlation between induction of ferritin 
and the mobilization of iron from the endocytized fibers suggests that the amount of 
bioavailable iron may be predicted on the basis of the amount of ferritin induced in 
cultured cells. A role of reactive oxygen species in the stimulation of lL-6 and IL-8 
production in A549 cells by crocidolite has also been demonstrated, though the exact 
radical species that is responsible was not identified (18-20). The production of 
hydroxyl radical or a similar species was demonstrated to be dependent on iron 
mobilized from two ambient air particulate samples (21). A role of iron in the 
induction of cytokines has only recently been identified. Lay eta/. (22) showed that 
iron oxide particles, thought to be contaminated with more reactive iron 
oxyhydroxides, could increase IL-8 levels, as well as increase inflammation, when 
instilled in the lungs of humans. They hypothesized that the increase in pulmonary 
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inflammation may have been due to oxidant generation catalyzed by so luble iron. 
A major source of particle emissions is the combustion of coal, primarily for 
generating electric power, with 960 million tons burned in the United States in 1997 
(23). The bioavailability of iron from size-fractioned coal fly ash (CFA) has been 
shown to vary with particle size and the source of the coal used to generate the fly ash 
(24). Iron was more easily mobilized by citrate or in human lung epithelial cells from 
CFA generated with Utah coal than from either Illinois or North Dakota coal. Further, 
the amount of iron mobilized was not dependent on the total iron content of the CFA, 
but more iron was mobilized from the particles with a diameter of <2.5 fim than from 
particles with a diameter of>2.5 fim (24). 
The purpose of this study was to determine whether iron mobilized from CFA 
could induce JL-8. Further objectives were to determine whether the induction of 
these mediators varied with the bioavailability of iron, particle size, or type of coal 
used to generate the ash. The amount of IL-8 induced by CF A was dependent on the 
type of coal used to generate the ash and the bioavailability of iron from the particles, 
with the greatest response to the smaller size fractions which released the largest 
amounts of iron. 
Materials and Methods 
Coals and Reagents. The coals used to generate the fly ash for the studies 
presented here as well as the combustion conditions and characterization of the fly ash 
have been published elsewhere (24, 25). Three different coal types, identified as Utah, 
114 
Illinois, and North Dakota, were burned under controll ed combustion condi tions, and 
frac tions enriched in particles with < I, <2.5 , 2.5-10, or > I 0 J.lm aerodynamic 
diameters were collected for each coal type. Some of the characteris ti cs of the coal ny 
ash are summarized in Table 5-1. 
Ham's Fl2 cell culture medium, 0.5% trypsin (with 0.2% EDTA), and 0.25% 
trypsin were obtained from Life Technologies (Grand Island, NY). Gentamicin (50 
J.lglmL) was obtained from Whittaker, M.A. Bioproduct Inc. (Walkersvi lle, MD). 
Fetal bovine serum was obtained from Hyclone (Logan, UT). Human li ver ferritin 
was obtained from Calbiochem (San Diego, CA). Ferric ammonium citrate (FAC) and 
bicinchoninic acid were purchased from Sigma Chemical Co. (St. Louis, MO). 
Desferrioxamine B (OF) was obtained from Ciba-Geigy Corp. (Summit, NJ). 1,1,3 ,3-
Tetramethyl-2-thiourea (TMTU) was purchased from Aldri ch Chemical Co. 
(Milwaukee, WI). Me2SO was obtai ned from Burdick & Jackson (Muskegon, Ml ). 
Cell Culture. Complete growth medium was composed of Ham' s Fl2 cell 
culture medium, 50 J.lg/mL gentamicin, I 0% fetal bovine serum, and 1.176 g of 
NaHCO/L of medium so a final pH of7.4 could be obtained. 
A human lung epithelial ce ll line, A549, with characteristics of alveolar 
epi thel ial type II cells was used for these studies. The A549 cells (ATCC CCL 185) 
were obtained fro m American Type Culture Collec ti on (Rockvi lle, MD). Cell s were 
cultivated in complete growth medium in a Forma model 3326 water-jacketed 
incubator (Forma Scientific, Marietta, OH) at 37 'C in an atmosphere of5% C02 wi th 
95% humidity. For maintenance of stock cultures, cells were di slodged with 0.5% 
Table 5-l. Characteristics of Coal Fly Ash 
surface-weighted 
CFA Fe (% by weight) D so% mass a mean diameter 
Utah <I 11m 6.50 0.639 0.654 
Utah <2.5 11m 3.80 1.180 1.118 
Utah 2.5-10 11m 3.80 2.869 2.925 
Utah > 10J1m 5.80 5.052 4.348 
Illinois < l 11m 14.0 0.672 0.654 
Illinois <2.5 J.lm 13 .0 0.911 0.876 
Illinois 2.5-10 11m 8.10 2.704 2.755 
Illinois > 10 J.lm 9.80 3.938 3.435 
North Dakota < I J.lm 6.20 0.797 0.805 
North Dakota <2.5 11m 2.00 1.076 1.015 
North Dakota 2.5- 10 Jlm 1.60 2.55 1 2.548 
North Dakota > I 0 J.lm 4.00 4.631 4.369 
"Determined by the cumulative mass distribution curves to determine the diameter at 50% cumulative mass. 
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trypsin with 0.2% EDTA before reaching confluence, resuspended in complete growth 
medium, and plated. 
Preparation of CFA for Treatment of Cells. CFA was suspended in sterile 
14 mM NaHC03 (pH 7.4) immediately before use, vortexed for I min, and diluted to 
the appropriate concentration wi th complete growth medium. The pH of the complete 
growth medium, containing the fly ash, was 7.5. 
Treatment of Cells with CFA. The ce lls were cultured in flasks until they 
were - 75% confluent, then dislodged with trypsin-EDT A, resuspended in complete 
growth medium, counted using a Coulter cell counter (Coulter Electronics, Inc., 
Hialeah, FL), and plated at a culture density of 20 000 cells/cm2. After the cells were 
allowed to recover for 24 h, they were treated with CFA (10, 20, or 40 ~g/cm 2 ). After 
24 h, the complete growth medium, containing the CF A that was not associated with 
cells and/or endocytized, was removed. The cells were rinsed once with 0.15 M 
phosphate-buffered saline (pH 7.4) and dislodged wi th 0.25% trypsin without EDTA, 
since EDTA is known to mobilize iron from particulate air pollution (2/). The cells 
were stored in I mL of double-distilled, deionized Hp, which contained 0.1 mM 
phenylmethanesulfonyl fluoride at -80 °C. 
Incubation of Cells with OF-Pretreated CFA (DF CFA), TMTU, Me2SO, 
or F AC. In some experiments, the role of iron in inducing IL-8 production was 
examined by incubating cells wi th CFA from which iron had been removed with DF. 
The Utah < I ~m CFA (I mg/mL) was incubated in 50 mM NaCI (pH 7.5) containing 
I mM DF for 14 days. The I mM DF was changed after approximately I day, and 
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then at approximately 2-day interva ls thereafter. To confirm that a component of 
CF A, other than iron , responsible for !L-8 induction, was not being washed away in 
the DF treatments , Utah < I f.!m CFA (I mg/mL) was incubated in 50 mM NaCI 
without DF. To determine which metals were present in the supernatant after 
incubation of the CFA in 50 mM NaCI with or without I mM DF, inductively coupled 
plasma emission spectroscopy was performed on the supernatant after removal of the 
particles. At the end of the DF treatment, the CFA was washed five times with sterile, 
distilled water, dried , and stored at room temperature. The DF treatment removed 
approximately 24% of the total iron from the particles. The particles were stored dry 
and were resuspended immediately before use as described in a previous section. 
To determine the contribution of free radicals to CFA-induced IL-8 secretion, 
Utah < I flm CFA was incubated with A549 cells in the presence of the radical 
scavenger TMTU or Me2SO ( 4). TMTU or Me2SO was dissolved in culture medium 
and added to the cells I h prior to treatment. CFA (20 flg/cm2) was then added to 
TMTU- or Me2SO-containing culture medium on the cells. 
To determine whether a soluble form of iron could mimic the effects ofCFA, a 
stock solution ofFAC was prepared in 14 mM NaHC03 (pH 7.4) immediately before 
use. FAC was diluted to the appropriate concentration in complete growth medium. 
The pH of the complete growth medium, containing the FAC, was 7.5. Supernatants 
were assayed for IL-8 production, and cells were analyzed for ferritin. 
Endotoxin Assay. Culture medium containing the particulates or other 
chemicals was examined for the presence of endotoxin by the Limulus amebocyte 
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assay (BioWhittaker, Inc., Walkersv ill e, MD) according to the instruct ions provided 
with the assay. The results were expressed as endotoxin units per mi lliliter of culture 
medium. 
Cytotoxicity. Aliquots of supernatants from cell culture medium were assayed 
immediately after cell harvest for the presence of lactate dehydrogenase, a measure of 
cytoplasmic leakage, as described by Welder and Acosta (26). The results were 
expressed as units of lactate dehydrogenase per milliliter of culture medi um. 
Determination of the Concentration of Ferritin. The harvested and frozen 
ce lls were lysed as previously described (27) , and the concentration of ferriti n was 
determined using a sandwich enzyme- linked immunosorbent assay (ELISA), as 
previously described (17, 28). The standard curve, using human li ver ferritin, was 
linear for A450 versus the amount of standard human liver ferritin between 0 and 7.5 
ng. Total protein in the cell lysate was determined using bicinchoninic ac id. The 
results are expressed as nanograms of ferritin per microgram of total protein. 
IL-8 ELISA. The concentration of!L-8 in the cell culture medium was 
determined with a solid phase sandwich ELISA (BioSource International, Camarillo, 
CA) . The assay was performed according to the instructions provided with the 
ELISA, and the results are expressed as picograms of !L-8 per milliliter of culture 
medium. 
Isolation and Quantification of RJ"'A. The relative levels of !L-8 mRNA 
were estimated by the use of a Multiplex PCR kit purchased from BioSource 
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International. The assay was perfom1ed according to the instructions provided with 
the kit. 
Cells were lysed directly in the culture flask by adding 5 mL ofTRJZOL 
Reagent (Gibco BRL, Grand Island, NY) per 25 cm2 2-Propanol-precipitated RNA 
was resuspended in ddH,O and stored at -80 °C until it was used. 
One microgram of total RNA was reverse-transcribed (AMY Reverse 
Transcriptase, Sigma Chemical Co.). The condit ions used for RT-PCR were the 
following: reverse transcription, I 0 min at 77.5 oc, 15 min at 25 °C, and 50 min at 42 
oc; PCR, after I min initial denaturation at 96 °C, I min at 96 °C, and 4 min at 56 oc 
for 2 cycles, followed by I min at 94 oc and 2.5 min at 57 oc for 33 cycles. Final 
extension was carried out for 10 min at 70 °C. Amplification products were separated 
on a 2% agarose ge l, stained with ethidium bromide, transilluminated with UV light, 
and photographed. The negatives were then analyzed by integrated scanning 
densitometry. The areas of the peaks for the mRNA for each cytokine were used to 
calculate the percentage of cytokine mRNA relative to the amount of mRNA for 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Resul ts are expressed as the 
fold increase over the value obtained for the control, untreated cells. 
Statistical Analysis. The effects of CF A size class and source on the 
concentration of IL-8 or ferritin in A549 cells for three levels of CF A were assessed 
using analysis of variance of a two-way factorial in a completely randomized design. 
Each variable was analyzed individually. IL-8 concentration data were ln-transfom1ed 
prior to analysis to better meet assumptions of nom1ality and homogeneity of variance. 
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Where appropriate, Tukey multiple comparisons were used in post-hoc pairwise 
comparisons among size class means and among source means . All computations 
were carried out using PROC GLM in SAS Release 7.0. A Student's t test was used 
for comparison between two groups. 
The relationships between [IL-8] and [FAC] or [IL-8] and [ferritin] for FAC or 
CF A were biphasic and were compared by jointly fitting two piecewise linear 
regressions with separate, unknown breakpoints. [IL-8] was the dependent variable, 
and [FAC] or [ferritin] was the independent variable . Prior to ana lysis, the [FAC] or 
[ferritin] variable was centered (i .e., the overall mean was subtracted from each value). 
Each data value was the mean of three subsamples. Computations were carried out 
using PROC NUN in SAS Release 7.0 with the secant iterative method and a grid of 
initial parameter estimates. 
Results 
Effect of CFA or FAC on the Concentration of Ferritin in A549 Cells. To 
determine whether iron was mobili zed from the <I f.lm CFA from Utah, Illinois, and 
North Dakota after treatment of A549 cells, ferritin levels were determined after 
treatment for 24 hand compared with untreated controls. Ferritin levels in A549 cells 
treated with the <2.5, 2.5-10, or > 10 f.lm fractions of the three types ofCFA have been 
previously reported (24). Treatment of A549 cells with the < I f.lm size fraction of 
Utah, Illinois, or North Dakota CF A resulted in ferritin levels of 1.29 ± 0.08, 0.98 ± 
0.06, or 0.51 ± 0.05 ng offerritin/f.lg of total protein, respectively. Control , untreated 
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cell s cultured in the same medium had ferritin levels of0.07 ± 0.03 ng of ferritiniJ.!g of 
total protein. Thus, ferritin levels in A549 cells treated with the < I J.lm CFA fractions 
were increased by 1.4-, 1.3-, or 1.3-fold above those of cells treated with the <2.5 J.lm 
fraction of Utah, Illinois, or North Dakota CFA, respectively (24). 
To determine if a soluble forrn of iron was capable of increasing intracellular 
iron levels, A549 cells were treated with F AC and the amount of ferritin induced was 
determined. Treatment of A549 cells wi th 0-10 mM FAC resulted in a dose-
dependent increase in ferritin, as shown in Figure 5-1. The increase in ferritin levels 
was the largest at 10 mM FAC and was as much as 18.9-fold higher than that of 
control, untreated cells, cultured in the same medium. The response appears to be 
linear. 
Effect of CFA or FAC on the Concentration of IL-8 in Medium from A549 
Cells. Treatment of A549 cells with CFA at doses of 10, 20, or 40 Jlglcm2 resulted in 
a dose-dependent increase in the amount of IL-8 for all size fractions except the > I 0 
J.lm fractions, as shown in panels A-C of Figure 5-2, respectively. IL-8 levels were 
increased by as much as 3.3-, 5.6-, or 8.0-fold over that of control untreated cells for 
the I 0, 20, or 40 J.lg/cm2 Utah CFA treatment, respectively. Treatment with 20 J.lg/cm2 
of the < I J.lm CFA resulted in IL-8levels for the Utah CFA which were 1.2- and 3.6-
fold higher than those for the Illinois and North Dakota CF A, respectively, at the same 
dose. Treatment with 20 J.lg/cm2 of the < I J.lm fraction of the Utah, Illinois, or North 
Dakota CFA resulted in IL-8 levels that were 1.6-, 1.9-, or 1.4-fo ld higher than the 
levels with the <2.5 J.lm fraction of the same coal types, respectivel y. 
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Figure 5-1. Effect of FAC on ferritin response in A549 cells. A549 cells, plated in 
Fl2 medium, were treated with FAC (0-10 mM). Cells were harvested 24 h after 
treatment, and the concentration of ferritin was determined, as described in Materials 
and Methods. The results are expressed as the mean ± SO (n = 3 ). Error bars 
represent the SO. The absence of error bars indicates that the SO is contained wi thin 
the symbol. 
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Figure 5-2. Effect ofCFA on IL-8 response in A549 cells. A549 cell s, plated in Fl2 
medium, were treated with CFA at 10, 20, or 40 J.lg/Crn2 (panels A-C, respectively): 
Utah (black bars), Illinois (crosshatched bars), and North Dakota (white bars). 
Medium was harvested 24 h after treatment, and the concentration of IL-8 was 
determined, as described in Materials and Methods. The results are expressed as the 
mean ± SD (n = 3). Error bars represent the SD. The absence of error bars indicates 
that the SD is contained within the bar. 
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To determine if a soluble form of iron was capable of increasing IL-8lcvels, 
A549 ce lls were treated wi th FAC and the IL-8 levels in the medium we re detem1ined. 
Treatment of A549 ce lls with FAC (0- 10 mM) resulted in a dose-dependent increase in 
the IL-8 concentration as shown in Figure 5-3. The increase in lL-8 protein 
concentration was the largest at I 0 mM FAC and was 6.3-fold higher than that of 
control, untreated cells cultured in the same medium. There was no increase in the IL-
8 concentration up to the breakpoint at 2.6 mM F AC and then the increase appears to 
be linear. 
Relationship Between IL-8 Induction and Intracellular Iron Levels in 
AS49 Cells Treated with CFA or FA C. To determine whether iron , released from the 
CFA, was involved in the induction of!L-8, we compared the IL-8levels with 
intracellular iron levels indirectly by using the levels of ferritin induced by CFA or a 
soluble source of iron, FA C. The relationship between IL-8 production and ferritin 
levels in cells treated with 20 fig/Cm 2 ofCFA of varying sized particles from the three 
coals or various concentrations of FAC is shown in Figure 5-4. As ferritin levels 
increase after CFA exposure, there is no increase in the IL-8 concentration until after 
the breakpoint of 0.34 ng of ferritin/fig of total protein and then the IL-8 levels 
increase linearly. After FAC exposure, there is also no increase in IL-8 levels until 
after the breakpoint of 0.48 ng of ferritin/fig of total protein, and then the IL-8 levels 
increase linearly. The estimation of the breakpoint for the FAC ferritin was more 
problematic than for the CFA ferritin because there is a gap in the data in the general 
region of the breakpoint. However, the value reported is the best statistical fit with the 
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Figure S-3. Effect ofFAC on IL-8 response in A549 cell s. A549 cells, plated in F12 
medium, were treated with FAC (0- 10 mM). Medium was harvested 24 h after 
treatment, and the concentration of IL-8 was determined, as described in Materials and 
Methods. The results are expressed as the mean ± SD (n = 3). Error bars represent the 
SD. The absence of error bars indicates that the SD is contained within the symbol. 
The analysis to fit the lines was carried out using PROC NU N in SAS Release 7.0 
with the secant iterative method and a grid of initial parameter estimates. The 
equation for the best fit line before the breakpoint is [IL-8] = 108- 0.7 [FAC], and the 
equation for the best fit line foll owing the breakpoint is [IL-8] = -112 + 85[FAC]. 
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Figure S-4. Relationship between IL-8 and ferritin levels in A549 cells treated with 
CFA (e ) or FAC ( ~>). The results are expressed as the mean ± SD (n = 3). Error bars 
represent the SD. The absence of error bars indicates that the SD is contained within 
the symbol. The analysis to fit the lines was carried out using PROC NLIN in SAS 
Release 7.0 with the secant iterative method and a grid of initial parameter estimates. 
The equation for the best fit line for IL-8 induction after FAC treatment before the 
breakpoint is [IL-8) = 107 + II [ferritin] , and the equation for the best fit line following 
the breakpoint is [IL-8) = -210 + 675[ferritin). The equation for the best fit line for IL-
8 induction after CFA treatment before the breakpoint is [IL-8) = 112- 30[ferritin], 
and the equation for the best fit line following the break point is [IL-8) = 
-89 + 560[ferritin]. 
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current data. For CFA and FAC individually, there is a strong correlati on between 
ferri tin levels, i.e. , intracellular iron leve ls, and IL-8 induction. In addition , there was 
no apparent difference between the curves fit for FAC ferritin and CFA ferritin . This 
suggests a very strong correl ation between intracellular iron levels and the stimulation 
of lL-8 production, whether the iron comes from a partic le or soluble source. 
Effect of CFA on IL-8 mRNA Levels. Treatment of A549 cell s with the < I 
J.lm fraction of the Utah CFA (20 J.lg/Cm2) for 4 h resu lted in a 2.6-fold increase in 
mRNA levels for IL-8, compared with that of control , untreated cell s, as shown in 
Figure 5-5. The cytokine, interl eukin- I p [IL- I p (0.2 ng/mL)] which is known to 
increase the levels of mRNA for IL-8 (9) , was used as a positive control and increased 
the mRNA levels for IL-8 by 3.6-fo ld over those of control , untreated ce ll s. Treatment 
of A549 cells wi th the < IJ.Im fraction of the Utah CFA, which had been incubated with 
desferrioxamine B for 14 days to remove approximately 24% of the total iron, resu lted 
in mRNA level s for IL-8 that were not increased over that of the contro l, untreated 
cell s. 
Effect of DF Pretreated CFA on IL-8 Levels. The particles incubated with 
DF failed to stimulate the human lung epithelial cells to produce IL-8, while those 
pretreated with just 50 mM NaCI showed little if any decrease in their ability to 
stimulate IL-8 production (Figure 5-6) . 
The concentrations of the metals present in the supernatant after incubation of 
the Utah CFA enriched in < I J.llll particles in 50 mM NaCJ in the presence or absence 
of I mM DF are shown in Table 5-2. Notab le is the fact that iron is present at a high 
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Figure 5-5. Induction ofmRNA for IL-8 in CFA-treated A549 ce ll s. A549 cells, 
cultured in Fl2 medium, were exposed to 20 f.!g/cm2 CFA for 4 h. At the end of the 
treatment period, the cells were removed and the total RNA was isolated and analyzed 
for mRNA of IL-8 or GAPDH, using a multiplex PCR kit as described in Materials 
and Methods: lane I, MWS, molecular weight standards; lane 2, Control, GAPDH and 
IL-8 in untreated A549 ce ll s; lane 3, CFA, GAPDH and IL-8 in CFA-treated A549 
cells ; lane 4, DF-CFA, GAPDH and IL-8 in DF-CFA-treated A549 ce ll s; lane 5, IL-
l~ , GAPDH and IL-8 in A549 cell s treated with IL-l~; and lane 6, CT, positive 
control , eDNA for cytokines, provided by Biosource. 
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Figure S-6. Effect of DF pretreatment of CFA on IL-8 response in A549 cells. A549 
cells, plated in Fl2 medium, were treated with the Utah <l J.lm CFA which had been 
pretreated with DF (DF-CFA) or with the same fly ash incubated in the absence of DF 
as described in Materials and Methods. Medium was harvested 24 h after treatment, 
and the concentration of IL-8 was determined, as described in Materials and Methods. 
The results are expressed as the mean± SD (n = 3). Error bars represent the SD. The 
absence of error bars indicates that the SD is contained within the bar. 
Table 5-2. Solubility of Metals from Utah <I Jim CF:.;•A:..:....:o:..:v..:::e'-r_:I_:4_:D:..:a:.y~s _______ _ 
A1 Cu Fe Mn Ni Si V 
(nmollmg) (nmollmg) (nmol!mg) (nmo1/mg) (nmo1/mg) (nmol/mg) (nmol/mg) 
(% removed) (% removed) (% removed) (% removed) (% removed) (% removed) (% removed) 
CFA incubated 1616 0.9 10.7 <0.4 <2.6 1164 4.5 
in 50mM NaC1 (48.4) (NO') (0.9) (<23.5) (NO) (NO) (57.5) 
CF A incubated 1957 1.9 272.2 <0.4 <2.6 1392 7.3 
in 50 mM NaC1 (58.7) (NO) (23.4) (<23.5) (NO) (NO) (92.5) 
and 1 mM 
desfera1 
'NO means this element was not found in the CFA. 
w 
0 
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level onl y in the supernatant from the OF-treated particles and was relatively insoluble 
in 50 mM NaCI, withou t DF. Cu and V were the only other transition metals that were 
mobil ized under these conditions. The DF appears to have enhanced the solubilization 
ofCu and V, but only by about 2-fold over the amount of these metals solub ili zed in 
its absence . However, DF enhanced iron solubil izat ion by 25-fo ld . Since Cu and V 
were removed from the particles in the NaCJ solution in the absence of DF and these 
particles induced levels of!L-8 similar to those of untreated particles, this suggests 
that Cu and V played little if any role in the induction of thi s cytokine. This further 
supports the involvement of Fe from these particles in the induction of lL-8. 
Effect ofTMTU or Me2SO on the Induction ofiL-8 by CFA. The < l ).lm 
fraction of the Utah CFA was incubated in the presence ofTMTU or Me2SO to 
determine whether oxidative stress was involved in !L-8 production in CFA-treated 
A549 cells . Inhibition of !L-8 secretion by antiox idants was dose-dependent as shown 
in panels A and B of Figure 5-7 for TMTU and Me2SO, respectively . IL-8 levels were 
reduced to those of control, untreated levels when CFA was incubated wi th A549 cells 
in the presence of 50 mM TMTU or !40 mM Me2SO. 
Endotoxin Assay. Endotoxin is known to stimulate the production oflL-8 
and is a frequent contaminant of particulate materials (29). All of the particulates and 
chemicals were assayed for the presence of endotoxin and were found to contain less 
than 0. 1 endotoxin uni t/mL of culture medium, the detection limit for the assay. 
Cytotoxicity. Lactate dehydrogenase levels in culture medium from CFA- and 
chemical-treated cells were not elevated above those in control cells ( 170 units of 
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Figure 5-7. Effect ofTMTU or DMSO on CFA-induced JL-8 response in A549 cells. 
Cells were pretreated for 1 h with the indicated dose ofTMTU (A) or Me2SO (B) and 
exposed to 20 ~glcm2 Utah < 1 ~m CF A. Medium was harvested 24 h after treatment, 
and the concentration ofiL-8 was determined, as described in Materials and Methods. 
The results are expressed as the mean± SO (n = 3). Error bars represent the SO. The 
absence of error bars indicates that the SO is contained within the bar. 
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lactate dehydrogenase/mL of culture medium), indicating that the treatments did not 
damage the cellular membrane. 
Discussion 
The results presented here show that IL-8 levels were increased in A549 cells 
treated with CF A and that iron was responsible for this increase. The amount of IL-8 
induced in A549 cells by the fraction enriched in < I ).lm particles was significantly 
greater than that induced by the three fractions enriched in > I ).lm particles for all three 
types of CFA . In addition , the amount of IL-8 induced was dependent on the type of 
coal used to generate the fly ash, with the Utah CFA inducing more IL-8 than the 
Illinois or North Dakota CFA. Treatment of A549 cells with the soluble form of iron 
FAC increased IL-8 production and intracellular iron levels to those comparable with 
CFA treatment. The mechanism by which so luble iron from FAC is transported into 
the cells is not thoroughly understood, but is known not to require endocytosi s (24). 
Very high levels ofFAC, as much as 10 mM, were required to obtain intracellular iron 
levels equi valent to those observed after CFA endocytosis. There appeared to be no 
damage to the cell membrane, suggesting that there was little or no radical species 
generated by the high concentrations of iron. These results combined with the 
previous observation that iron is mobilized from CF A after endocytosis by A549 cells 
(24) suggest that IL-8 induction by CFA correlates with an increase in intracellular 
iron levels. 
The data presented here strongly support a role for iron, which is the 
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predominant transition metal present in CFA, in the induction of IL-8 by CFA. In 
fact , other transition metals, such as V, Cu, and Ni , are present at levels 250-9000 
times lower than that of iron. In addition, the metal chelator DF inhibited the secreti on 
of IL-8 as well as the inducti on of IL-8 mRNA, which funher implicates iron in the 
response of lu ng epitheli al ce lls to CFA. The similar leve ls of metals such as copper, 
nickel, and vanadium in the supernatants from the incubation of the Utah < I Jlm CFA 
in 50 mM NaCI in the presence or absence of I mM DF suggest that these metals are 
not responsible for the induction of !L-8 by CFA. If copper, nickel , or vanadium had 
been responsible for the increased IL-8 levels, then a decrease in the amount of IL-8 
secreted would have been observed for the panicles incubated in 50 mM NaCI without 
DF. Iron was the only transition metal which was not removed to an appreciable 
extent during incubation in 50 mM NaCI , suggesting the iron remained on the panicle 
and was able to stimulate IL-8 secreti on to a leve l comparable to that with CFA not 
incubated in 50 mM NaCI, in the presence or absence of DF. The role of iron in the 
induction of IL-8 by CF A is funher supponed by the correlation between IL-8 levels 
and intracellular iron levels when two different sources of iron were used, one a 
so luble fo rm of iron and the other a particle form of iron. 
While the mechanism by which iron from FAC or CFA induces IL-8 remains 
unknown, a number of possibilities have been suggested for other metal-containing 
panicles. ROFA (6) , DEP (I 1) , urban air paniculates (21, 30), and crocidolite 
asbestos (31) have been shown to catalyze the in vitro formation of hydroxyl radical, 
or a hydroxyl radical-like species. Further, the hydroxyl radical production was shown 
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to depend on the transition metal s, such as iron , vanadium, and copper, in the particles. 
In general , these studies showed that one of these metals was predominately 
responsible for the hydroxyl radical production . ROFA and crocidolite asbestos 
increased IL-8 levels, which were suppressed in the presence of the radical scavengers, 
DMTU, TMTU, and Me2SO. Recently, DEP was shown to induce IL-8 through an 
oxidant-mediated activation ofNF-KB (32). Activation of the redox sensitive 
transcription factors, NF-KB and NF-IL-6, was shown to play a ro le in the induct ion of 
IL-6 and IL-8 in A549 cell s by croci do lite asbestos (18, 19). The activation of these 
transcription fac tors by croc idolite was suppressed in the presence ofDMTU, TMTU, 
or Me2SO, suggesting the involvement of a radical spec ies. The decreased level of IL-
8 production caused by CFA in the presence ofTMTU or Me2SO also suggests 
invo lvement of a radical species. The induction of IL-8 by CFA may be mediated 
through the activation ofNF-KB and NF-IL-6, as was observed fo r crocidolite 
asbestos. 
The observed no-effect-dose of CFA or FAC in the induction of IL-8 suggests 
that a minimum intracellular iron leve l is required before the production of reactive 
oxygen species is sufficient to induce IL-8 production. This may be due to iron being 
incorporated into cellular protein until the ce llular needs for iron have been sati sfied 
and excess iron begins to accumulate, as has previously been observed (17), or to the 
fact that high enough levels have to be obtained to overwhelm the cell 's ability to cope 
with generation of reactive oxygen species or other radical species. 
The greater bioavailability of iron from the smaller particles was likely due, at 
136 
least in part, to differences in the form in which the iron existed in the particles. 
Indeed, preliminary studies using Miissbauer spectroscopy have suggested that the 
iron in the CFA is contained in hematite, magnetite, and glassy aluminosilicates 
(unpublished observation). It appeared that the iron mobilized by desferrioxamine B, 
and probably citrate also, was coming from the glassy aluminosilicates. In addition, it 
appeared that the CFA particles from which more iron was mobilized were also the 
particles with the largest percentage of iron in the glassy aluminosi licate fraction. The 
increase in the extent of iron mobili zation was less than would be expected on the 
basis of the estimated surface area per mass of the particles, assuming spherical, 
constant-density particles (25). Further evidence suggesting that the speciation of the 
iron in the CF A is important in determining the amount of bioavailable iron is that 
there was a difference between the amount of iron mobilized intracellularly from the 
different coal types of the same particle size range. Indeed, there was 2.5-fold more 
ferritin induced by the Utah CFA than by the North Dakota CFA for the < I flm 
fractions even though the Utah CFA contained only 1.05-fold more iron than the North 
Dakota CFA for the < 1 flm fractions. If the hioavailability of the iron was dependent 
only on surface area or ability of the cells to endocytize the particles, then the ferritin 
levels would have been closer for the three fly ash types for a given particle size 
fraction. 
The number of particles for a given mass is greater for the small particles than 
for the large particles. Since the studies presented here were carried out on an equal 
mass basis, there is the potential for more of the smaller particles to be endocytized per 
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cell or for more cells to be affected by the greater number of smaller particles, for a 
given mass dose. With the assumption that the density of the fly as h particles is 2.5 
g/cm3 and using a particle dose of20 fl g/cm', an estimate of the number of particles 
per cell indicates that there are approximately 1000 of the 1 f!m particles per cell 
compared with approxi mately 1 of the 10 f!m particles per cell. However, once again 
one would expect to see little difference in intracellular iron mobili zation and IL-8 
induction by CFA of the same particle size range, prepared from the three different 
coal types, if these effects were due simply to the number of particles per ce ll. This is 
not what was observed . 
In conclusion, analysis of the results presented here strongly suggests that more 
IL-8 is induced by the < 1 >Lm fraction than by the > 1 f!m fractions of the CFA types 
that were studied. Further, the amount of IL-8 produced appears to be dependent on 
the amount of iron that could be mobilized from the particles after endocytosis by the 
cel ls. This bioavailability of iron appears to vary with both the particle size and the 
source of coal used to generate the fl y ash. If more iron is mobilized, and 
subsequently more IL-8 induced, from the < 1 flm size fraction in vivo, as increased 
ferriti n and IL-8 levels suggest, this could lead to an increase in the influx of 
neutrophils in the lungs, leading to inflammation. This may contribute to an increase 
in respiratory-related mortality and morbidity during times of high air particulate 
levels. 
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Transition metals, such as vanadium, copper and nickel , have long been 
implicated in the toxicity of particulate air pollution. However, a significant finding of 
this di ssertation was that iron, which is found in particulate air pollution at several 
orders of magnitude greater levels than the other transition metals, was responsible for 
the induction of the very potent proinflammatory mediator, interleukin-8 (IL-8}, in 
human lung epithelial (A549) cells in cul ture. IL-8 is one of severa l cytokines 
responsible for the recruitment of inflammatory cells in the lung, which can lead to 
pulmonary inflammation. Another significant finding of thi s dissertation was that the 
size of particles significantl y affected their reactivity and toxicity in A549 cells. Of 
part icu lar importance was that the smaller, more eas il y respirable particles were the 
most capable of inducing IL-8 in A549 cell s. 
In 1987 the United States Environmental Protection Agency (EPA} established 
standards and regulations for respirable airborne particulate matter (PM}, which is PM 
with a mean aerodynamic di ameter less than 10 f.!m (PM 10). In 1997 the EPA 
established standards and regulations for PM with a mean aerodynamic diameter 
smaller than 2.5 f.!m (PM25). These regulations were established because the smaller 
particles are capable of penetrating deep into the lungs where gas exchange occurs and 
were also believed to be more damaging because of their physical and chemical 
properties. However, in 1999 the United States Court of Appeals for the District of 
Columbia Circuit dismissed the EPA's PM25 standard because they deemed that the 
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EPA had exercised an unconstitutional delegation of legislative authority. Research 
presented in thi s dissertation strongly suggests that indeed the smaller diameter 
particles are very different from the larger diameter particles , physically, chemically, 
and toxicologically. The results suggest that the smaller diameter particles are 
significantly more toxic to cells in culture than the larger diameter particles. These 
results provide further evidence for the EPA 's expected attempt to reestablish the 
PM 25 standard in the near future . In addition, if the particulate-induced toxicity 
observed in the in vitro studies reported here also occurs in vivo, then the in vitro 
studies may prove to be valuable predictors of the ability of the particles to cause 
damage in humans. Further, studies such as those presented here that identify a 
specific component of particulate air pollution as being responsible for its toxicity may 
make it possible to identify and regulate individual contributors to air pollution. The 
findings of thi s dissertation are summarized in more detail in the following sections. 
Iron, present in ambient PM samples, was shown to be responsible for the 
formation of hydroxyl radical or a similar species in vitro, in a cell-free system. 
Complete inhibition of hydroxyl radical formation in the presence of desferrioxamine 
B suggested that the other potentially redox active transi tion metals, present at several 
orders of magnitude lower levels than iron , were not responsible for the formation of 
the radical species by the particles. The presence of a low-molecular-weight (LMW) 
chelator, such as citrate or EDT A, was required for the production of hydroxyl radical, 
in vitro. In addition, a reducing agent such as ascorbate, was required for the hydroxyl 
radical production, suggesting that iron in the particles was primarily in the Fe(! II) 
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fom1. These in vitro resul ts suggest that iron chela tors and reducing agents, present in 
the lungs, may mobilize and redox cyc le iron from inhaled iron-contain ing particles, 
resulting in damage to the lungs. 
Fo llowing the studies in cell-free systems, experiments were carried out to 
detem1ine the effects of ambient PM in A549 cells, in cu lture. The A549 cell line was 
se lected because the cells have many of the characteristics of human lung alveo lar type 
II ce ll s, which are the ce ll s located in the alveo li where small particles are able to 
penetrate and affect gas exchange. This cell line was also selected because of the 
reproducibility of results from generation to generati on, which is difficult to achieve 
wi th primary cell s. However, some of the experiments that we have done with A549 
cells should also be conducted in primary human lung epitheli al cell s for comparison 
to those obtained in the A549 ce ll li ne. Levels of the intracellu lar iron storage protein, 
ferri ti n, were increased in A549 cell s treated wi th ambient PM, suggesting that iron 
was mobilized intracellularly from the endocytosed particles. In addition , the amount 
of iron mobilized from the part icles, in vitro by citrate, correlated very wei! with the 
induction of ferritin in A549 ce ll s. Of particu lar interest was that the bioavai labi lity of 
iron from the particles did not correlate with the total amount of iron in the particles. 
This suggests that if iron proves to play a role in the pathology of PM in humans, then 
simply determining the total amount of iron in the particles will not be sufficient to 
predict their toxicity. The bioavailability of the iron would have to be determined 
using either the amount of iron mobili zed by citrate, which would be the simplest and 
least expensi ve, or by the amount of ferritin induced in response to treatment of cells 
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wi th the particles. 
Further work needs to be done to detennine the identity of the LMW chelator 
responsible for the intracellular mobili zation of iron from particles. In addition, work 
needs to be done to detetmine the fate of the iron once it is mobilized away from the 
particles in the ce lls. Incorporation of the mobilized iron into proteins, such as 
haemoglobin or cytochrome P-450, is a likely destination for the iron. The ability of 
metal-containing part ic les to catal yze the intracellular fonnation of reactive oxygen 
species could be confirmed through the use of dihydrorhodamine I 23. Oxidati on of 
dihydrorhodamine 123 to the fl uorescent rhodamine 123 can be used as a marker of 
cellular oxidant production. The drawback to the use of dihydrorhodami ne 123 is that 
it is not very speci fi c and can be oxidized by peroxynitrite, nitric oxide, or hydrogen 
perox ide. However, thi s could still be used as an indicator of the relative abi lity of 
different particles to catalyze the production of reactive oxygen spec ies intracellularly. 
In addition, future work is needed to confinn that the iron-catalyzed production of 
reactive oxygen species occurs in the lungs of particle-exposed animals, such as rats. 
The in vivo production of free radicals in rat lungs could be monitored with electron 
sp in resonance (ESR) in combination with a spin trap such as a-(4-pyridyl 1-oxide)-N-
tert-butylnitrone (4-POBN). 
Following the studies with the complete ambient PM samples, experiments 
were done to detennine whether iron played a role in the toxicity of the combustion 
source particulate, coal fl y ash (CFA). As was observed for the ambient PM samples, 
the amount of iron mobilized from the CFA by citrate correlated very well with the 
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amount of iron mobilized in A549 cells, as indicated by ferritin induction. Additional 
characteristics of the CFA, such as particle size and source o f the coal used to generate 
the fly ash, were studied to help detem1ine why some particles are more tox ic than 
others. Coal , from mines in Utah, Illinois, and North Dakota , was used to generate fl y 
ash to compare differences in toxicity due to the type of coal. Four size fractions of 
each type of CFA, < I f!m , <2.5 1-1m, 2.5-10 1-1m, and > 10 1-1m mean aerodynamic 
diameter particles, were studied to compare differences in toxicity due to the panicle 
size. Mobilization of iron by citrate or in A549 cells, as we ll as the ability of the fl y 
ash to induce the synthesis of inflammatory mediators, was determined. More iron 
was mobilized from the Utah CFA and from the smaller diameter particles, both by 
citrate and in A549 cells, compared to the larger diameter particles. The smaller 
diameter particles would be able to penetrate deeper into the lungs where gas exchange 
takes place and the data suggest that the smaller particles, and the fl y ash generated 
with the Utah coal, are likely to be more damaging to the lungs. It was originally 
thought that the greater surface area per given mass of the smaller particles could 
explain the greater bioavailability of iron fro m these fl y ash particles. However, the 
amount ofbioavailable iron from fl y ash of the same size, but generated from different 
coal types, was very different. This suggested that surface area of the particles, while 
likely a contributor, was not the only factor responsible for the greater bioavailability 
of iron from the smallest particles. 
Addi tional work is currently underway by our collaborators to determine if the 
speciation of iron in the fly ash plays a role in the bioavailability of the iron. 
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Preliminary results using Mtissbauer spectroscopy suggested that the iron was present 
in the particles in either oxides or aluminosilicate glass . The Moss bauer results 
suggested that the bioavailable iron , wh ich there was more of in the sma ll er fly ash 
pat1icles, was present in the aluminosi licates, not the oxides. However, because 
Moss bauer spectroscopy measures only the bu lk properties of the fl y ash, it was not 
possible to determine the individual species of iron present in the aluminosilicates. 
Studies are cunently underway in our laboratory to detem1ine whether the 
method of determining the bioavailability of metals using citrate is the same as the 
water solubility of metals from particles, which is reported in the literature by many 
investigators. The results from a recent study where we determined the solubi lity of 
metals in CFA , in the presence or absence of the chelator ci trate, as well as at different 
pHs, are shown in Table 6-l. The <2.5 11m fraction of Utah CFA was incubated at a 
concentrati on of I mg/ml for 24 h under fou r different conditions: in water at pH 2.5 , 
which is the pH of many ambient PM suspensions in water; in water at pH l 0, which 
is the pH reac hed when the CFA is suspended in water without additional pH 
adjustment; in 50 mM NaCl at pH 7.5 in the absence of added chelators ; and in 50 mM 
NaCl at pH 7.5 in the presence of l mM citrate. This experiment allowed for 
comparison of the commonl y used methods for determining the bioavai labili ty of 
metals in particulates. Of particular interest in this study was that iron was 
approximately 4 times more soluble at pH 2.5 in the absence of citrate than at pH 7.5 
in the presence of l mM citrate. Iron was not detectable in the supernatant from CF A 
incubated in 50 mM NaCl at pH 7.5. These preliminary results suggest that pH, as 
Table 6-1. Com(!arison of Metal Solubilities from CFA at Different [!Hs, With and Without Citrate 
nmol of element in supernatantlmg of particle after 24 h incubation of Utah <2.5 flm CFA (I mg/ml) 
AI Cr Cu Fe Mg Pb Si Sr Zn 
water 1931 ± 33" I ± 0.1 2 ± 0 107 ± 4 251 ± 4 0.5 ± 0.0 1064 ± 14 8 ± 0.2 3 ± 0.3 
pH 2.5 
water 56 ± 7 I ± 0.0 No• NO 37 ± I NO 85 ± 7 2 ± 0.1 NO 
pH 10.1 
50 mM NaCI 63 ± I I ±0.1 NO 27 ± 0.7 53 ± 0.9 NO 89 ± 11 3 ± 0. 1 3 ± 0.2 
1 mM citrate 
pH 7.5 
50 mM NaCl NO 1 ± 0.0 NO NO 37 ± 0.8 NO 36 ±4 2 ± 0.1 NO 
pH 7.5 
reporting 4 0. 6 0.8 0.9 8 0.2 2 0.6 0.8 
limits 
"Mean ± SO (n=3) 
"No, none detected 
"' 'D 
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well as the presence of a chelator, is important when determining the bioavailability of 
metal s from PM. Further, simply suspending metal-containing particl es in water and 
detem1ining how much of the metal s is soluble is not likely to be refl ecti ve of what 
may occur in the lungs at a pH close to 7.5. Indeed, while vanadium, iron , and nickel 
from ROFA may very well be so luble at a pH of approximately 2.8 when suspended in 
water, thi s is not likely to be reflective of what occurs at the pH found in the lungs. 
Thus, there is a great need for additional in vitro studies to identify which 
experimental conditions should be used to determine the bioavailability of metals from 
particles, so that these studies more closely reflect what occurs in vivo. Preliminary 
results suggest that it is important to select a pH and chelator(s) that are the most likely 
to reflect those found in the lungs and in lung cell s exposed to PM. 
Intracellular mobilization of iron from CFA in A549 cell s correlated very we ll 
with the amount of IL-8 secreted into the culture medium in response to CFA 
treatment. In add ition, IL-8 production was reduced to level s comparable to control 
untreated cells, when the CF A was pretreated with the metal chelator, desferrioxamine 
B, suggesting that a transition metal , most likely iron, was responsible for the 
induction. The induction of IL-8 by CFA was also inhibited by the radical 
scavengers, tetramethylthiourea or dimethylsulfoxide, suggesting that radical species 
were involved in the induction. Additional evidence supporting the hypothesis that 
iron was responsible for the IL-8 induction by CFA was that treatment of A549 cells 
with the soluble form of iron, ferric ammonium citrate (FA C), increased intracellular 
iron levels and extracellular IL-8 levels to those comparable with CFA treatment. 
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Additiona l work needs to be done to determine the mechanism by which iron 
from CFA induces lL-8 in A549 ce ll s. While the evidence mentioned above strongly 
supports a role of an oxidant-dependent activation of the transcription factor, NF-KB, 
resulting in increased transcription and translation of lL-8, this needs to be confi rmed. 
These future studies will likely involve confirming that NF-KB is acti vated, probably 
through the use of electrophoretic mobility shift assays. In addition, a number of other 
in fl ammatory cytokines, such as TN F-a and IL-6, can be induced through mechanisms 
similar to that of JL-8 . Future studies should be conducted to determine if these 
cytokines are induced by the metal-containing particles used in the studies presented in 
thi s dissertation. In addition , the role of the various metals contained in the particles 
should be studied to determine their relative contribution to the induction of additional 
cytokines. 
The observed no-effect-dose of CFA or FAC in the induction of IL-8 suggests 
that a minimum intrace llular iron leve l is required before the production of reactive 
oxygen species is sufficient to induce IL-8 production. This may be due to iron being 
incorporated into cellular protein until the cellular needs for iron have been satisfied 
and excess iron begins to accumulate, or that high enough levels have to be reached to 
overwhelm the cell 's ability to cope with generation of reactive oxygen species or 
other radical species. 
Future work will need to be carried out to detem1ine why the above-mentioned 
threshold leve l for induction of IL-8 by iron exists. If iron proves to play a role in the 
pathogenicity of PM, then an understanding of this threshold level may help in 
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establi shing human exposu re limits to iron-containing particles. These exposure limits 
would have to be based on the amount ofbioavailabl e iron, and not simply on the total 
amount of iron , in the particles. 
The in vitro studies that have been presented in this di ssertation are beneficial 
because they allow for determining the effects of particles in a more isolated system, 
relative to inhalation studies in whole animals. The in vitro experiments in cell-free 
systems and the studies done wi th cells in culture allow for comparison of factors such 
as particle size and differences in toxicity between particles of the same size. These 
comparisons would be difficult to do in whole animals because of the sign ificantly 
greater variation in the results generally found with in v ivo experiments. The 
drawback to in vitro studies is that they may not be representative of what occurs in 
vivo. Thus, a number of inhalation or inst illation studies in whole animals, using 
particles, such as coal fl y ash , should be done in an attempt to reproduce the results 
that were obtained with the in vitro studies presented in this di ssertation. These in 
vivo studies cou ld include determining whether mobili zation of iron , from particles in 
the lungs of rats exposed to CFA, correlates with induction of ferritin. This in vivo 
mobilization of iron could then be correlated w ith the production of cytokines, 
including TN F-a, IL-6, and macrophage inflammatory protein (MIP)-2 , the rodent 
homologue of IL-8. Additional inhalation studies using CFA or other particles in rats 
could be done to determine whether inflammatory cells are recruited in response to 
inflammatory mediator production. Further studies could also be done to determine if 
particle size p lays a role in the effects of inhaled size-fractioned particles in whole 
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animals, such as rats. 
The studies suggested in this chapter may help provide insight into the 
mechani sm of damage that occurs in humans exposed to particulate air po llution and 
may aid in the identification of specific contributors to air pollution that should be 
monitored and regulated. 
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